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PREFACE 


This  study  was  conducted  and  report  prepared  by  the  Douglas  Aircraft 
Company,  a  Division  of  McDonnell  Douglas  Corporation,  under  a  contract 
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Indicating  system  manufacturers  In  support  of  this  test  program  Is 
acknowledged.  Further,  much  of  the  data  used  In  this  report  was 
derived  from  Douglas  flight  test  and  report  summary  supplied  by  the 
manufacturers . 
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I.  IMTRQDDCTIOM 

Six  prototype  cockpit  tire  pressure  Indicating  (TPI)  systens  have  been 
flight  test  evaluated  on  two  McDonnell  Douglas  DC-10 's  between  October 
1978  and  January  1979*  Three  prime  systems  were  thoroughly  evaluated  on 
one  DC-10  during  a  52  flight,  two  month  program  that  included  a  broad 
range  of  operational  conditions  including  hard  landings,  maximum 
performance  braking  during  landings  and  rejected  takeoffs,  sharp  taxi 
turns,  and  long  cruise  flights.  The  other  three  systems  were  less 
intensively  evaluated  with  the  results  Included  in  this  report  to  help 
highlight  TPI  design  criteria. 

The  Impetus  for  the  flight  test  evaluation  of  tire  pressure  Indicating 
systems  came  from  the  initial  study,  "Feasibility  and  Cost-Effectiveness 
of  Airborne  Tire  Pressure  Indicating  Systems,"  Report  No.  FAA  RD 
78-13^,1.  Throughout  the  study  it  was  apparent  that  the  exactness  or 
thoroughness  of  the  study  of  different  system  concepts  was  limited  by 
available  information  on  hardware  that  was  not  fully  developed.  Parts  of 
the  study  were  based  on  manufacturer's  claims  and  predictions  and  were 
not  backed  up  by  actual  laboratory  or  aircraft  test  data.  Before  a 
system  could  be  selected  for  production,,  some  aircraft  development 
testing  was  required.  The  results  of  these  tests  are  reported  here  as 
Part  II  of  the  study. 

The  report  discusses  the  selection  of  the  participants  for  the  test  and 
the  system  design  criteria  that  formed  the  basis  for  the  selection 
emphasizing  the  system's  ability  to  detect  and  prevent  false  warnings. 
Each  system  considered  for  test  is  briefly  described  including  a  system 
concept  that  appeared  to  have  considerable  promise  but  has  never  been 
reduced  to  practice.  One  concept  not  tested  by  Douglas  (the  wheel  speed 
approach  -  concept  N  in  Part  I)  is  discussed  in  some  detail  because  of 
its  ease  of  installation  and  relative  low  cost.  The  wheel  speed  system 
was  tested  by  an  airline  on  a  DC-9  airplane  and  the  results  are  Included 
in  the  Appendix. 

Each  concept  tested  is  described  in  some  detail  Including  a  discussion  of 
Installation  requirements.  All  laboratory  test  and  flight  test  data  on 
the  concept  is  presented  and  discussed.  The  report  emphasizes  the  three 
primary  systems  tested  -  the  transformer  coupled  analog  system,  the 
direct  signal  bearing  coupled  analog  system,  and  the  bogle  strain/weight 
and  balance  relative  tire  load  measuring  system.  Test  data  are  presented 
Including  flight  crew  comments  and  a  discussion  of  development  problems 
encountered  and  their  proposed  resolution. 
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SELECTION  OF  TEST  PARTICIPANTS 

DESIGN  CRITEHIA  USED  FOB  SELECTION 

The  system  selection  criteria  was  derived  from  the  results  of  Part  I 
of  the  Feasibility  and  Cost-Effectiveness  of  Tire  Pressure 
Indicating  System  Report. 

1.  False  Warnings  -  Freedom  FrPm 

Per  Part  I  "the  main  design  criteria  by  which  all  systems  are 
Judged  in  this  report,  is  their  ability  to  operate  lOOJf  free 
from  false  warnings.  In  other  words,  a  cockpit  Indicating 
system  shall  be  able  to  always  differentiate  between  an  actual 
low  pressure  tire  and  a  tire  that  merely  appears  to  be  low 
through  a  system  fault."  The  reliability  analysis  and  the 
tradeoff  study  in  Part  I  of  this  report  comments  further  on  the 
ability  of  the  systems  to  meet  this  criteria  with  additional 
comments  on  the  primary  systems  tested  Included  in  the 
discussion  of  systems  selected. 

2.  Passive  Failure  Detection 

"The  second  design  criteria,  and  only  slightly  less  Important, 
is  that  the  TPI  system  should  be  capable  of  detecting  its  own 
passive  failures  that  would  cause  it  to  fail  to  properly 
indicate  a  lew  tire.  The  estimated  ability  of  each  system  to 
meet  this  criteria  is  also  discussed  in  the  Reliability  section 
(in  Part  I). 

"Although  it  may  be  argued  that  the  high  reliability  of  a 
particular  design  or  the  short  exposure  period  on  takeoff  roll 
makes  the  probability  of  false  or  passive  failures  remote, 
still  it  is  believed  that  approaching  the  design  from  the 
viewpoint  of  allowing  no  false  warnings  and  undetected  passive 
failures  will  ultimately  produce  a  system  that  most  closely 
meets  this  objective." 

3.  Davelomaant  Statua/Experienoa  and  Installation 

The  third  selection  criteria  is  self-explanatory.  Hardware 
that  would  most  closely  represent  a  production  installation 
was,  of  course,  most  favored.  No  manufacturer  had  commercial 
aircraft  experience  with  their  TPI  system  but  some  had  built 
hardware  for  laboratory  test  and  aircraft  test.  A  key 
selection  criteria  was  ease  of  Installation  of  hardware  at  the 
wheel/aircraft  Interface. 


2 


Systems  most  desired  were  those  that  presented  unique  or 
different  concepts  to  the  solution  of  the  most  difficult  design 
problem,  which  is  communicating  tire  pressure  Information  from 
the  Inside  of  the  rotating  tire  Into  the  aircraft.  Once  a 
participant  for  a  type  of  system  was  selected,  similar  systems, 
although  perhaps  nearly  equally  worthy  of  merit,  were  rejected. 

5.  Test  Hardware  Supplied  at  Mo  Cost 

All  participants  were  requested  to  supply  hardware  at  no  cost 
to  the  Douglas  Aircraft  Company  or  the  FAA.  This  requirement 
applied  equally  to  all  Interested  vendors  and  was  a  factor  In 
one  promising  system  not  being  tested. 

SUMMARY  OF  SYSTEMS  EVALUATED 

Requests  for  proposal  for  participation  in  the  flight  test  program 
were  sent  to  twenty-three  possible  subcontractors.  The  request 
Included  a  preliminary  specification  for  a  cockpit  indicating  system 
and  requirements  for  participation  In  the  test  program.  More  than 
ten  proposals  were  received;  three  of  which  were  selected  for  the 
test  program.  A  brief  review  of  the  systems  that  were  not  selected 
and  the  reasons  they  were  not  selected  follows: 

Approach/ Concept  Evaluation 

1 .  Differential  Valve  -  Discrete 
(Concept  I,  Part  1  Report) 


Differential  valve  opens  when 
tire  pressure  drops  below 
predetermined  level  which  ports 
remaining  tire  air  pressure 
Into  tube  that  actuates  bellows 
in  wheel  hub  area.  The  bellows 
makes  electrical  contact  across 
rotating  air  gap  as  a  momentary 
high  force  slip  ring. 


Discrete  pressure  sensing 
systems  were  not  favored 
because  specific  sensor 
failure  modes  cannot  be 
differentiated  from  actual 
low  tire  pressure  and 
passive  failures  -  failures 
to  indicate  a  low  tire  when 
It  occurs,  and  general 
difficulty  of  aircraft 
checkout  caused  rejection  of 
this  concept  (see  criteria  1 
and  2). 


Evaluation 


2.  Discrete  TPI  System 
(Concept  J,  Part  I  Report) 

This  system  employs  a  wheel  This  system  was  the  best 

mounted  pressure  switch  the  thought  out  and  Implemented 

state  of  which  is  detected  across  system  of  Its  type  with 
an  air  gap  by  a  rotating  coil  excellent  electronic  and 

passing  by  a  statlore.ry  coil  pressure  switch  designs, 

once  every  tire  revolution.  Tests  of  a  similar  system  by 

DAC  on  a  DC-1Q  (reported 
herein)  confirmed 
reservations  on  the 
viability  of  this  approach. 

3.  Analog  Tire  Pressure  via  Slip-Rings 
(Concept  G,  Part  I  Report) 

The  system  proposed  using  a  wheel  Interested  airlines  and 
axle  positive  contact  signal  Douglas  had  prior 

coupler  (slip  ring)  to  carry  the  unfavorable  experience  with 
transducer  signal  into  the  slip-rings  and  installation 

aircraft.  in  the  wheel/hub  environment 

was  questioned.  The 
manufacturer  offered  no 
supporting  test  or  other 
data  to  satisfy  the  concerns 
about  the  slip-ring 
approach.  Although  direct 
connection  to  transducer  has 
advantages,  this  particular 
approach  was  rejected 
(Design  Criteria  #3). 

4.  Wheel  Speed  Sensing 
(Concept  N,  Part  I  Report) 

Aircraft  wheel  speed  taken  from  The  wheel  speed  approach 
antiskid  transducer  outputs  was  favored  for  ease  of 

(already  available  on  all  study  installation  and  cost.  A 
aircraft)  is  used  to  detect  low  study  (Appendix  A  discusses 
tires  by  detecting  small  wheel  in  detail)  showed  that 
speed  differences  of  adjacent  differences  in  rolling 
tires  due  to  changes  in  rolling  radius  due  to  different 
radius.  manufacturer's  designs 

caused  excessive  speed 
differentials  for  normally 
Inflated  tires.  (Design 
Criteria  #1  and  2)  As  tire 
matching  on  an  axle  had  been 


4 


Evaluation 


flatly  rejected  by  a  number 
of  operators  this  approach 
did  not  appear  to  be  a 
general  solution.  It  may, 
however,  be  a  satisfactory 
solution  for  operators  that 
use  one  tire  manufacturer, 
if  the  specific  circuit 
design  minimizes  failure 
warnings.  (See  Appendix  B 
for  airline  test  results.) 

5.  Tire  Air-Force  Coupling 
(Not  evaluated  in  Part  I) 

This  concept  required  bringing  Concepts  requiring  the 
tire  air  into  the  wheel  hub  to  bringing  of  tire  air  into 
actuate  the  bellows  which  would  the  hub  area  was  not 
apply  a  force  proportional  to  favored  due  to  Increased 

tire  air  pressure  on  a  force  tire  leak  exposure  across 

sensing  transducer.  the  wheel/hub  cap  interface. 

Two  other  similar  concepts 
were  rejected  for  this 
reason  (Concept  F,  Part  I 
Report).  (Design  Criteria  1 
and  3)  Accuracy  was  also  a 
question. 

6.  Induced  Power  RF  Transmission 

This  concept  installs  a  small  RF  (No  specific  proposal  has 

transmitter  at  the  pressure  been  received  to  date.  The 

transducer  mounted  on  the  wheel.  Justification  for  this 

The  transmitter  is  energized  by  concept  would  be  If  the 

power  delivered  across  two  antennas  can  be  so  mounted 

antennas  separated  by  1/2”  air  as  to  eliminate  the  need 

gap.  The  analog  pressure  Is  for  an  electrical  connector 

transmitted  back  across  the  same  in  the  hub  cap  area.) 

antenna  coupling  Into  the 

aircraft.  System  faults  can  be 

isolated  by  performing  a 

calibration  test  cycle  prior  to 

displaying  the  low  tire 

Indication. 
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EYaluatlon 


Approaoh/Conoaot 


7*  Passive  Element  Hl-Q  Pressure  Transducer 


Four  different  companies 
proposed  variations  of  this 
concept.  The  resonant  frequency 
of  a  passive  element  circuit  on 
ths  wheel  is  varied  as  a  function 
of  pressure.  The  resonant 
frequency  (frequency  at  which 
maximum  power  absorption  occurs) 
is  measured  via  RF  antenna 
coupling  from  on-board  computer. 


This  very  promising  concept 
was  not  tested  since  each 
company  was  unwilling  or 
unable  to  supply  hardware 
(criteria  #5).  Concept 
also  has  not  been  bench 
tested.  It  offers 
simplicity  of  wheel  mounted 
hardware,  ease  of  coupling, 
and  meets  all  failure 
criteria.  A  new  pressure 
transducer  design  would  be 
required. 


Selected  Svatema 

The  following  systems  were  selected  for  participation  in  the  test 
program: 


Approach/ Concent  Evaluation 

1.  Analog  Pressure  via  Axle  Transformer 
(Concept  D,  Part  1  Report) 


A  pressure  transducer  mounted  in 
the  wheel  is  powered  by 
electronic  circuits  packaged  in 
the  wheel  hub  which  is  energized 
by  high  frequency  AC  signal  from 
transformer  coupler  mounted  in 
hub.  A  signal,  the  frequency  of 
which  is  proportional  to  tire 
pressure,  is  sent  back  across 
the  transformer  to  on-board 
computer. 


Concept  had  been  fully 
developed  in  the  lab  and 
successfully  tested  on 
aircraft  wheels  with 
reasonable  accuracy 
demonstrated.  Wheel 
installation  was  straight¬ 
forward  although  it  did  not 
eliminate  the  need  for  an 
eleotrioal  connector  on  the 
wheel.  The  system  shows 
good  potential  to  eliminate 
false  warnings  and  has 
complete  test  capability. 
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Evaluation 


ADProaoh/Conoapt 
2.  a)  Analog  Preaaure  via  Signal  Bearing 


A  preaaure  tranaducer  mounted  in 
the  wheel  la  directly  connected 
to  an  on-board  computer  via  a 
aignal  carrying  bearing  mounted 
on  the  face  of  the  antlakid 
wheel  a peed  tranaducer  In  the 
hub  cap. 


Thla  ayatem  waa  aelected 
due  to  potential  advantagea 
In  Increaaed  accuracy  and 
reduced  coat  due  to  direct 
coupling  of  tranaducer. 

Due  to  the  novelty  of  the 
coupling  acheme,  a  aecond 
aystem  waa  offered  to  be 
teated  in  parallel  which 
offered  an  alternate 
coupling  method  that 
bypaased  the  hub  cap 
electrical  connector 
Interface. 


b)  Analog  Pressure  via  Inboard  Wheel  Couplers 


A  pressure  transducer  mounted  In 
the  wheel  la  powered  by  electronic 
circuits  mounted  on  the  wheel 
which  receives  power  and  transmits 
encoded  pressure  Information  via 
inboard  wheel  mounted  coupling 
rings. 


3.  Percent  Tire  Load  via  Bogle/Axle  Strain 
(Weight  and  Balance  Approach) 

(Concept  0,  Part  I  Report) 


This  system  uses  newly  designed 
variable  reluctance  strain 
measuring  transducers  lug- 
mounted  on  main  gear  and  In- 
axle  mounted  on  nose  gear. 
Differential  strain  Is  measured 
to  determine  percent  load  on 
each  tire.  Weight  and  balance 
Is  also  available  from  this 
system  without  additional 
hardware. 


This  system  offers  a  cost- 
effective  alternative  to 
low  tire  detection  while 
providing  weight  and 
balance  data.  Provides 
Indication  after  push  back 
of  a  significant  problem 
developing  on  taxi  or 
takeoff  roll.  Used  In 
conjunction  with  wheel 
mounted  gauges  It  offers  a 
complete  system.  The  most 
difficult  design  task  is 
accurately  detecting  problem 
while  aircraft  Is  rolling  on 
uneven  pavement. 
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Th«  following  system  was  not  part  of  the  offlolal  test  program  but 
was  tested  on  the  same  aircraft  primarily  for  a  different  purpose 


(weight  and  balance).  As  tire  pressure  Indication  was  Included  the 


results  are  briefly  reported  herein  for  completeness. 


A.  Low  Tire  Detection  via  Axle  Tilt 
(Weight  and  Balance  System) 


Evaluation 


Low  tire  pressure  Is  determined 
by  sensing  the  Inclination  of  the 
beam  or  axle  which  Is  due  to 
non-uniform  loading  on  the  tires. 
The  system  sensors  are  closed 
loop  servo  Inclinometers^ 
mounted  on  the  bogie  bean  for 
main  gear  2uid  Inside  the  axle 
for  the  nose  gear. 


5.  Go-No-Go  Discrete  Pressure 


Low  tire  pressure  Is  sensed  by  a  The  supplier  of  this 
pressure  switch  In  wheel.  hardweu'e  built  a  four  wheel 

Pressure  switch  shorts  secondary  system  directly  adapted  to 
of  air  gap  transformer  mounted  the  DC-10  and  supplied  It 

on  inboard  side  of  wheel.  to  DAC  well  before  the 

Primary  coil  of  transformer  present  test  program  was  to 

mounted  on  stationary  part  of  take  place.  This  system 

brake  housing  can  detect  open  was  tested  on  DC-10  ship 
or  short  In  secondary  coll  once  254  on  a  non-interference 
per  wheel  revolution  and  basis, 

produce  an  appropriate  alara. 

(Similar  to  Concept  J,  Part  I 
of  this  report  and  approach  2 
that  was  rejected.) 
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.  FLIGHT  StMOHY  -  CQMDITIOIIS  COVERED 

The  tire  pressure  indicating  systems  were  monitored  during  normal 
operational  oondltlonSf  including  numerous  takeoff  and  landing  cycles i 
moderate  to  hard  braking,  sharp  taxi  turns,  and  during  cruise  flights 
with  altitudes  and  outside  air  temperatures  noted.  The  DC-10  test 
aircraft  accumulated  52  flights  with  tire  pressure  indicating  systems 
on-board. 

Due  to  the  effects  of  hot  brakes  after  numerous  takeoff  and  landing 
cycles,  tire  pressures  go  up  considerably.  Without  excessive  braking, 
tire  pressures  increase  between  15  to  20  psi  during  normal  taxi  for 
approximately  two  miles  before  takeoff.  After  repeated  takeoffs  and 
landings,  tire  pressure  Increased  from  170  to  230  psi  with  normal  braking 
during  landing.  The  TPI  systems,  with  some  exceptions,  performed 
satisfact<x*lly  during  many  takeoffs  and  landings. 

On  the  analog  pressure  system  the  original  pressure  differential  allowed 
between  wheels  on  a  common  axle  had  been  selected  to  be  10^.  It  was 
found,  however,  that  during  the  numerous  takeoff  and  landing  cycles 
condition,  the  10|  differential  must  be  either  Increased  or  Inhibited 
in-flight  to  avoid  false  annunciator  warning  as  the  outboard  main  gear 
tires  dropped  in  pressure  more  rapidly  than  the  inboards.  This  may  be 
due  to  the  way  the  landing  gear  retracts,  the  lower  wheel  being  nearer 
the  skin,  gets  colder  than  the  adjacent  wheel  above  the  warm  brake.  As  a 
result,  the  pressure  differential  for  alarm  was  changed  to  No 
false  warnings  appeared  thereafter. 

From  the  hard  braking  and  sharp  taxi  turn  test,  it  was  found  that  tire 
load  was  transferred  from  one  wheel  to  the  other  as  the  center  of  gravity 
shifted.  During  hard  braking,  a  slight  pressure  Increase  with  brakes 
applied  of  approximately  *2  psi  was  noted.  During  turning,  a  side  load 
effect  was  noticed  as  a  slight  pressure  transfer  to  the  mating  tire 
occurred  of  approximately  *2  psi.  The  braking  and  turning  effects, 
however,  did  not  affect  the  tire  pressure  readings  or  alarms  as  the 
pressure  readings  Immediately  normalized  after  the  maneuvers. 

The  systems  performed  satisfactorily  while  cold  soaking  above  30,000  feet 
altitude  for  many  hours.  The  lowest  outside  air  temperaturre  measured 
was  -20^0  at  an  altitude  of  35,000  feet. 

Periodically,  actual  tire  pressures  were  recorded  by  the  ground  crew  and 
compared  with  TPI  system  pressure.  Some  tire  pressures  were  recorded  for 
both  pre-flight  and  post-flight  to  check  the  TPI  system  accuracy. 
Occasionally,  selected  tires  were  deflated  to  check  system  warning 
thresholds.  For  the  percent  tire  load  system  which  operates  on  the  basis 
of  weight  and  balance  techniques,  a  tire  bleeding  test  was  done  to  check 
warning  thresholds  and  transducer  output  behavior. 
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IV.  EVALaATlQM  OF  THE  SELECTED  SYSTEMS 

(1)  AMALOQ  PHESSURE  VIA  AILE  TRANSFORMER 
A.  SYSTEM  DESCRIPTIOM 

This  system  displays  actual  tire  pressure  of  any  selected  wheel 
continuously  (see  Concept  D,  Part  I).  The  system  was  Installed  on 
wheels  1  and  2  of  the  test  aircraft.  The  pressure  can  be  monltcred 
whether  the  aircraft  Is  stationary,  taxiing,  taking  off,  landing,  or 
airborne  throughout  the  entire  flight.  With  the  wheel  mounted 
transducer,  the  tire  pressure  data  Is  picked  up  and  transmitted 
through  an  Inductive  coupling  (transformer)  to  the  processing  and 
display  unit.  This  system  Is  shown  dlagrammatlcally  In  Figure  1. 
The  system's  self-test  feature  prevents  false  warnings  of  low  tire 
pressure.  If  any  tire  falls  below  a  programmable  minimum  threshold, 
then  an  annunciator  light  Is  illuminated  automatically  and  the  low 
tire  Identified  on  the  display.  The  flight  crew  can.  If  desired, 
rotate  the  selector  switch  to  any  wheel  number  and  display  the 
actual  tire  pressure. 

All  failure  modes  are  detected  while  the  system  Is  operating.  With 
the  exception  of  the  lamp  test  (which  Is  done  manually),  all  other 
faults  are  displayed  automatically  each  time  an  Individual  tire 
pressure  Is  checked.  The  system  Is  designed  to  perform  an  automatic 
self-test  before  displaying  a  low  tire  Indication.  If  a  system 
fault  Is  detected  to  be  causing  the  low  tire  indication,  the  low 
tire  light  is  suppressed. 

The  entire  operation  of  the  system  Is  accomplished  from  the  display 
panel  In  the  cockpit.  Only  readjustment  of  the  threshold  pressures 
requires  access  to  the  TPI  computer.  Binary  switches  will  be 
provided  Inside  the  computer  cover  In  production.  For  the  test 
system,  one  switch  was  provided.  With  rotary  wheel  selector  switch 
on  AUTO  (see  Figure  2  which  shows  the  cockpit  display  panel  as 
Installed  for  test),  the  TPI  system  Is  automatically  and 
continuously  interrogating  all  the  tire  pressures  on  the  aircraft. 
Interrogation  time  for  a  12  wheel  aircraft  will  be  between  3  and  4 
seconds. 

For  the  normal  system,  operation,  interrogation  will  continue 
automatically  as  long  as  power  is  on  the  aircraft  and  the  selector 
switch  Is  on  AUTO.  If  there  are  no  low  tires,  the  display  will  be 
blank. 

If  one  low  tire  Is  below  threshold  (for  flight  test,  this  was  set  at 
135  ±5  psl)  or  approximately  ^51^  below  the  adjacent  tire  or 
below  average  of  «dl  tires  In  same  threshold  group,  then  the  warning 
light  on  the  cockpit  annunciator  panel  will  be  turned  on.  The 
cockpit  display  will  then  display  the  low  tire  number. 
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ANALOG  PRESSURE  SYSTEMS 


FIGURE  1 


I  8  6 


WHEEL  NO. 


\  / 


TIRE  PRESSURE 
THRESHOLD 


FIGURE  2.  TEST  INSTALLATION  OF  COCKPIT  DISPLAY  FOR  SYSTEM  NO.  1 
(ANALOG  PRESSURE) 


If  multiple  low  tires  are  detected,  the  cockpit  "low  tire”  light 
will  Illuminate  and  the  display  will  sequence  the  display  of  the 
wheel  numbers  at  the  Interrogation  time  Intervals  (every  3  to  4 
seconds  a  different  wheel  number  will  be  displayed  and  the  sequence 
will  be  repeated  Indefinitely). 

At  any  time  that  there  Is  power  on  the  2ilrcraft,  the  flight  crew  can 
check  any  or  all  tires  for  their  actual  and  threshold  pressures. 
This  Is  accomplished  by  rotating  the  selector  switch  to  the  wheel 
number  of  Interest.  The  actual  tire  pressure  In  that  wheel  will  be 
displayed  (see  Figure  2  for  wheel  #1  pressure  display).  If  the 
spring-loaded  toggle  switch  is  held  up  to  the  THRESHOLD  position, 
then  the  threshold  pressure  for  that  tire  will  be  displayed  (in  this 
case  135  psi). 

While  tire  checks  are  being  made,  automatic  interrogation  of  the  TPI 
system  continues  and  If  a  low  tire  Is  detected,  the  cockpit  "low 
tire"  light  will  be  illuminated.  Then  to  determine  the 
Identification  of  the  low  tire,  one  need  only  return  the  rotary 
selector  switch  to  the  AUTO  position. 

For  the  system  fault  detection.  If  the  system  Is  free  of  all  faults 
when  the  test  button  Is  depressed,  three  8's  will  be  displayed  while 
the  button  Is  held  in.  The  "low  tire"  light  on  the  overhead  panel 
Is  also  Illuminated  while  the  TEST  button  Is  held  in.  When  the 
button  Is  released,  a  GO  will  be  displayed  for  a  few  seconds  and 
then  the  display  will  go  blank.  The  sytem  is  then  back  In  normal 
automatic  interrogation  mode  of  operation. 

If  there  are  any  faults  in  the  TPI  system  they  can  be  Identified  by 
pressing  the  TEST  button.  Regardless  of  the  fault  or  faults,  when 
the  button  Is  held  in,  the  digital  readout  is  checked  (8*s 
displayed)  along  with  the  overhead  annunciator  panel  light.  When 
the  TEST  button  Is  released  and  a  fault  in  one  wheel  exists,  an  F 
followed  by  the  wheel  number  Is  displayed  continuously.  Normal 
Interrogation  continues  for  possible  additional  faults  or  a  low  tire 
condition.  The  low  tire  warning  light  will  Illuminate  even  though 
the  system  is  In  the  TEST  mode  but  to  Identify  the  low  tire  number 
the  TEST  button  must  be  pressed  again  putting  the  display  back  Into 
the  normal  operating  mode. 

For  multiple  wheel  faults,  an  F  In  front  of  the  wheel  numbers  will 
be  displayed  at  Interrogation  intevals  (3-4  seconds)  and  continues 
to  repeat  the  wheel  numbers  in  sequence  until  the  TEST  button  Is 
depressed  a  second  time.  Again,  this  puts  the  display  back  Into  the 
normal  operating  mode. 
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For  a  TPI  syatem  faultt  an  FF  will  appear  on  the  display 
continuously  If  a  fault  occurs  which  Is  central  to  all  wheels,  such 
as  an  oscillator  failure.  In  the  unlikely  event  of  power  supply 
failures  such  that  no  display  Is  possible,  a  circuit  has  been  added 
that  Illuminates  the  TEST  button  bulb.  This  bulb  should  always  be 
on  when  aircraft  power  is  on.  A  bulb  test  can  be  effected  If  the 
bulb  Is  out  by  noting  If  an  expected  display  appears. 

Interrogation  for  low  tire  detection  continues  but  may  be  Inhibited 
due  to  the  nature  of  the  syston  fault.  Depressing  the  TEST  button  a 
second  time  will  put  the  system  and  display  back  to  the  normal 
operating  mode. 

This  display  configuration  was  developed  for  the  flight  test 
program.  The  system  can  be  made  to  work  with  a  broad  variety  of 
displays  from  a  "low  tire"  light  only  to  a  full  display  similar  to 
that  used  by  system  #2  described  next. 

B.  LABORATORY  TEST  RESULTS 


Laboratory  tests  for  the  components  were  performed  by  the  syst«n 
subcontractor.  Three  pressure  transducers  were  individually  checked 
and  calibrated  against  the  manufacturer's  test  records.  The  results 
correlated  very  closely.  Then  each  of  the  three  transducers  were 
calibrated  with  each  of  the  three  wheel  electronic  assemblies  at 
room  temperature  for  a  total  of  nine  combinations.  Table  I  shows 
the  results.  It  indicates  a  maximum  of  2%  error  in  the  working  area 
of  from  100  to  200  psi. 

TABLE  I 

TRANSDUCER  VS  WHEEL  ELECTRONICS  @  ROOM  TEMPERATURE 


THEORETICAL 
PRESSURE  AT 
ROOM  TEMP, 
(psi) 

TRANSDUCER 

1 

2 

3 

B 

2 

3 

1 

2 

3 

WHEEL  ELECT. 

2 

2 

2 

B 

B 

B 

5 

5 

5 

0 

50 

50 

50 

50 

49 

50 

50 

49 

49 

48 

100 

101 

100 

100 

101 

100 

100 

100 

100 

100 

150 

151 

150 

150 

154 

150 

150 

152 

152 

149 

200 

206 

202 

202 

205 

202 

203 

203 

203 

206 

250 

257 

253 

250 

257 

251 

253 

257 

257 

259 

300 

309 

- 

- 

306 

- 

- 

- 

- 

- 
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TABLE  II 

LABORATORY  TEST  RESULTS  ON  COMBINATION  OF 
TRANSDUCER  AND  WHEEL  ELECTRONICS 


Transducer  #2 
Wheel  Electronic  #2 


Temperature  effect  results  minor  difference  in 


THEORETICAL 

PRESSURE 

(psi) 

pressure  reading  compared 

to  theo. 

pressure 

50"C 

100°C 

150“C 

O^C 

-40“C 

-45‘’C 

50 

50 

52 

- 

47 

47 

47 

100 

100 

101 

96 

99 

99 

99 

150 

150 

152 

148 

150 

150 

151 

200 

200 

205 

199 

203 

202 

202 

250 

245 

257 

251 

257 

255 

255 

300 

- 

309 

303 

- 

- 

- 

Transducer  #3 
Wheel  Electronic  #2 


THEORETICAL 

PRESSURE 

(psi) 

psr 

50°  C 

125°C 

0°C 

-40°C 

-54°C 

50 

50 

58 

45 

40 

38 

100 

100 

107 

95 

92 

91 

150 

150 

159 

146 

143 

143 

200 

202 

212 

195 

194 

195 

250 

253 

263 

- 

249 

249 

300 

306 

- 

- 

300 

300 

TABLE  II 
(continued) 


Transducer  #1 
Wheel  Electronic  #2 


THEORETICAL 

PRESSURE 

(psi) 

PSI  m 

VDINGS 

97"  C 

0"C 

-40“  C 

-54"C 

50 

56 

44 

42 

43 

100 

104 

96 

95 

96 

150 

154 

146 

146 

148 

200 

205 

198 

198 

200 

250 

255 

249 

251 

255 

300 

306 

298 

303 

306 

Transducer  #1 
Wheel  Electronic  #5 


THEORETICAL 

PRESSURE 

(psi) 

PSI  RE/ 

125“C 

IB 

50 

42 

42 

100 

95 

96 

150 

145 

149 

200 

199 

200 

250 

- 

250 

300 

- 

300 
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Table  II  shows  the  test  results  of  temperature  tests  run  on 
combinations  of  transducers  and  wheel  electronics.  All  three 
transducers  were  run  with  two  of  the  three  wheel  electronics  units. 
The  third  wheel  electronics  unit  was  tested  through  the  temperature 
range  but  not  formally  calibrated.  During  the  test,  one  of  the 
transducer  and  wheel  electronics  combinations  was  Inadvertently 
exposed  to  -75oC  for  about  5  minutes.  It  operated  producing 
significant  errors  but  then  recovered  completely. 

All  three  wheel  electronics  were  rechecked  through  the  pressure 
range  after  potting  with  Sylgard  and  after  final  assembly  into  the 
hub  caps  and  onto  the  antiskid  transducer.  All  test  results  were 
consistent  with  the  calibration  data. 

With  the  wheel  system  Installed  on  the  wheel  and  tire  assembly  in 
the  laboratory,  the  tire  was  inflated  to  180  psi.  Pressures  were 
checked  over  a  three  day  period  with  no  evidence  of  any  leakage. 
Then  the  entire  wheel  and  tire  inst'llation  was  rotated  up  to  120 
rpm.  The  system  functioned  normally. 

According  to  the  data,  the  transducer  behaved  very  well  in  the  range 
of  room  temperature  to  ICOOC.  Lower  and  higher  temperatures  do 
affect  the  accuracy  of  the  pressure  readings;  a  difference  with  the 
actual  theoretical  pressure  of  12  psi  and  13  psl  respectively.  In 
addition,  the  pressure  range  giving  the  highest  accuracy  is  below 
200  psi.  Above  that,  a  pressure  error  of  9  psi  was  measured.  Thus 
besides  the  temperature  effects,  the  transducer  will  respond 
optlmumly  only  at  certain  pressures  (this  level  is,  of  course, 
selected  to  be  most  accurate  at  the  normal  tire  inflation  pressure). 

Also,  with  different  calibration  factors  for  each  transducer  and 
wheel  electronics  unit,  it  would  be  advantageous  to  match 
transducers  and  wheel  electronics  to  minimize  errors.  However,  the 
transducer  and  wheel  electronics  units  should  be  interchangeable. 
Thus,  no  matter  which  combination  of  units  is  used  the  same  readings 
should  be  obtained  at  a  particular  temperature.  This  could  be 
achieved  by  putting  in  a  calibration  factor  each  time  a  wheel 
electronics  unit  or  transducer  is  changed.  For  Instance,  if  one 
transducer  reads  5  psi  higher,  a  calibration  factor  could  be 
Included  such  that  the  error  is  nulled.  If  very  high  accuracy  is 
demanded,  calibration  may  be  required.  Otherwise  ease  of 
interchangeability  is  desired  without  recalibration  each  time  a 
component  (or  wheel)  is  changed. 


Per  DAC  tire  pressure  indicating  systems  preliminary  Specification 
AII2O65,  Paragraph  3*1 <5  under  System  Design  Criteria  states,  "The 
calibration  or  sensor  error  shall  not  exceed  ±  3  pslg  at  200  pslg 
when  operating  with  the  temperature  range  of  -t-^oof  (-t-A.iioC)  to 
+1200?  (♦48.9®C).  The  scale  error  that  can  be  met  for  the  -40OF 
(-40OC)  to  +400?  (+4.40C)  and  +I200F  (+48.90C)  to  3OOOF  (148. 90C) 
ranges  shall  be  specified  by  the  subcontractor.  These  tolerances 
shall  be  met  without  regard  to  mounting  position.” 


The  transducer  performed  most  scourstely  in  the  temperature  range 
from  50OC  to  IOOOC.  The  transducers  and  wheel  electronics 
combination  were  within  ±  4  pal  at  150  psl  and  ±  6  pal  at  200  psl 
over  a  reasonable  temperature  range.  At  low  temperature,  the 
pressure  tends  to  read  lower  than  the  theoretical  pressure.  At 
higher  temperature  It  follows  that  higher  pressure  Is  recorded. 
Normally  brake  temperature  operates  at  ambient  temperature  to  about 
1000c.  Only  during  heavy  braking  and  numerous  takeoff  and  landing 
cycles  will  high  temperature  be  experienced  at  the  brakes. 
Therefore,  for  normal  temperatures  reasonable  accuracy  can  be 
obtained. 

During  the  flight  test  program  outside  air  temperatures  were 
periodically  recorded  during  the  flight.  Temperatures  of  -25°C  were 
encountered  at  high  altitude.  In  addition,  hot  brakes  during 
rejected  takeoff  could  result  In  a  temperature  as  high  as  ■•■200OC. 
V’ithin  this  full  range  (-250C  to  +2OOOC),  larger  errors  are 
expected,  however,  no  damage  or  calibration  shift  was  noted  In  the 
transducer  or  wheel  electronics.  Effect  of  lower  temperatures  will 
be  evaluated  in  planned  service  tests. 

More  accuracy  can  be  achieved  by  means  of  matching  the  transducer 
and  the  wheel  electronics.  This  could  minimize  the  error 
Introduced.  Table  II  gives  a  good  example  of  the  matching 
technique.  The  combination  of  transducer  #1  and  wheel  electronics 
#2  appears  to  be  less  worthwhile  as  errors  are  larger.  However,  If 
we  matched  wheel  electronics  #2  with  transducer  #2  or  #3,  the  errors 
introduced  are  minimized.  This  m'^tching  technique  has  advantages, 
but  a  preflight  lab  test  must  be  performed  in  order  to  match 
components  and  it  may  be  required  to  change  both  the  wheel 
electronics  and  transducer  at  the  same  time  despite  the  fact  that 
only  the  transducer  or  the  wheel  electronics  unit  has  failed. 
Although  matching  Is  a  good  way  to  minimize  errors  it  Is  not 
recommended  due  to  maintenance  and  logistics  difficulties  that  the 
technique  imposes. 

IMSTALLATION/MAINTENANCE 

The  Installation  involves  the  TPI  computer,  TPI  cocklt  display 
panel,  transducer  and  adapter  assembly,  and  hub  cap  coupler  and 
wheel  electronics.  The  TPI  computer  and  the  TPI  cockpit  display 
panel  can  be  installed  without  difficulty.  To  install  the 
transducer  emd  adapter  assembly,  wheels  have  to  be  removed  and  tires 
have  to  be  deflated.  The  entire  assembly  Is  Installed  in  the 
pressure  release  plug  port.  Although  this  Is  a  simple  operation  in 
a  tire  shop,  it  may  be  a  cumbersome  task  to  change  the  transducer  on 
the  aircraft.  This  requires  stocking  extra  wheels  with  the  entire 
TPI  asssembly  already  Installed.  Thus  to  replace  a  defective 
transducer  the  entire  wheel  will  most  likely  be  changed.  During 
flight  test  a  failed  transducer  was  replaced  with  the  tire  on  the 
aircraft  wlthcut  fully  deflating  the  tire  with  relative  ease.  This, 
however,  bypasses  the  normal  overnight  tire  leak  check  and  may  not 
be  an  acceptable  airline  maintenance  procedure.  Thus  a  one  manhour 
tire  change  may  be  required  when  transducers  fall. 
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The  Installation  of  the  hub  cap  coupling  and  wheel  electronics  was 
very  straight-forward.  The  antiskid  transducer  adapter  in  the  axle 
required  a  wire  clearance  hole  so  that  the  wires  for  the  tire 
pressure  coupler  could  cone  through  the  axle.  With  the  modified 
antiskid  transducer  drive  shaft  (see  Figure  3)  on  the  end  of  the 
axle,  a  locating  tool  is  used  to  locate  the  fixed  coil  concentric  to 
the  antiskid  shaft. 

Transducer  and  Adapter  Assembly  Installation  procedure  outline 

1.  Remove  wheels  to  be  retrofitted  for  TPI  from  aircraft. 

2.  Deflate  tires  to  be  retrofitted. 

3.  Remove  pressure  release  plug  and  the  two  adjacent  wheel  nuts. 

4.  Install  clamp  plate  assembly  and  reinstall  two  adjacent  wheel 
nuts,  finger  tight.  (Insure  reinstallation  of  nut  washers.) 

5.  Install  pressure  release  plug  into  transducer  and  adapter 
assembly,  and  Install  entire  assembly  into  pressure  release 
port,  finger  tight. 


6.  Assemble  cushioned  clamp  and  Flexloc  nut  to  clamp  plate  and 
torque  to  25  in-lbs. 


MODIFIED  ANTISKID  TRANSDUCER  DRIVE  SHAFT 
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7.  Torque  wheel  nuts  (2)  to  135  ft-lbs 


8,  Torque  pressure  release  plug  and  banjo  bolt  adapter  to  200 
ln>lbs. 

Hub  Can  Coupling  and  Wheel  Electronics  Installation  Procedure 

1.  Remove  antiskid  transducer. 

2.  Add  wire  clearance  hole  to  DAC  transducer  adapter. 

3.  Splice  twisted  pair  wires  to  fixed  coll  assembly  using 
environmental  splice. 

A.  Install  modified  antiskid  transducer  and  fixed  coll  assembly 
with  three  (3)  flat  head  (lOOO)  screws,  finger  tight. 

5.  Using  locating  tool  to  locate  fixed  coll  concentric  to  the 
antiskid  shaft  and  torque  the  three  (3)  mounting  screws  to  25 
In-lbs,  and  remove  locating  tool  (see  Figure  3). 

6.  Mount  hub  cap  and  wheel  electronics  assembly  to  wheel  and 
orient  cable.  Connect  connector  to  transducer  and  tighten  by 
hand  only.  (Do  NOT  use  a  tool.) 

7.  Tighten  hub  cap  clamp  per  DAC  specifications. 

8.  Safety  wire  banjo  bolt  to  adapter  and  pressure  release  plug  to 
adapter. 

9.  Safety  wire  connector  to  coupling  nut  and  back  shell. 

NOTE:  Typical  hub  cap  coupling  and  wheel  electronics  Installation 
Is  shown  In  Figure  A. 

Installation  of  the  system  was  quite  straight-forward  and  took  a 
minimum  amount  of  time.  Transformer  coupler  and  hub  cap  electronics 
Installation  took  only  about  1/2  manhour  per  wheel  with  most  of  the 
time  being  consumed  by  locating  and  drilling  the  wire  access  hole  In 
the  antiskid  wheel  speed  transducer  mounting  adapter. 

Mounting  of  the  transducer  and  adapter  on  the  wheels  similarly  was 
straight-forward.  Only  one  miner  problem  was  encountered  when  the 
holes  In  the  stainless  steel  adapter  plate  were  not  large  enough  for 
the  larger  wheel  bolts  which  placed  a  slight  side  load  on  the 
adapter  fitting  causing  an  air  leak  at  the  wheel  mounting.  This  was 
readily  corrected  and  no  further  leaks  were  encountered.  Mounting 
of  each  transducer  adapter  assembly,  Including  tire  deflation  and 
relnflatlon  took  about  1/2  manhour. 
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FIGURE  4.  TYPICAL  INSTALLATION  FOR  HUBCAP  COUPLING  AND  WHEEL  ELECTRONICS 


The  system  performed  very  well  throughout  the  flight  test  exoept  for 
several  minor  problems.  The  first  of  these  was  a  power  transient 
problem  caused  during  bus  switching  In  the  aircraft.  When  power 
would  momentarily  drop  the  program  would  lock  up  and  the  system 
would  fall  to  operate  when  power  was  restored  unless  circuit 
breakers  were  opened  and  reset.  This  problem  was  corrected  in 
software  and  no  further  difficulty  was  encountered  with  bus 
switching. 

Another  minor  problem  that  developed  early  was  the  "low  tire"  light 
coming  on  during  cruise.  As  can  be  seen  In  Figure  5  and  other 
figures,  the  tire  pressures  tended  to  diverge  during  cruise  with 
tire  #1  dropping  in  pressure  more  rapidly.  As  the  initial  tire 
pressure  differential  used  was  10}  this  threshold  was  increased  to 
1i».2}  and  no  further  problems  were  encountered.  This  did,  however, 
bring  to  light  the  need  to  take  Into  account  such  things  as  the 
differential  pressure  caused  when  a  tire  is  replaced  after  landing 
when  all  the  other  tires  might  be  at  an  elevated  pressure  and  the 
new  tire  installed  at  nominal  pressure.  This  can  also  be  easily 
taken  care  of  in  system  software  programming. 

During  system  installation  actual  tire  pressure  was  compared  to 
cockpit  displayed  pressure  using  a  1/2  psi  accuracy  gauge.  All 
readings  were  found  to  be  within  3.5}.  Another  minor  problem  was 
noted,  however,  that  rasained  throughout  the  test  program.  The  last 
digit  of  the  pressure,  particularly  on  wheel  #2,  would  vary 
sometimes  as  much  as  3  to  4  psi.  This  should  be  corrected  in  the 
production  system. 

The  system  threshold  was  checked  and  rechecked  on  initial  system 
Installation  and  worked  correctly.  All  fault  display  codes  were 
also  checked  with  various  faults  Introduced  in  the  system  and  all 
worked  properly. 

During  actual  flight  operations  the  system  responded  normally  wihln 
^5  psi  of  the  actual  tire  pressure  meaasured.  Several  occasions, 
however,  it  was  within  ±.10  psi.  The  transducers  provided  good 
results  during  takeoff,  climb,  cruise,  and  landing.  The  typical 
transducer  output  characteristics  is  shown  in  Figure  5  with  the 
system  In  the  auto  mode.  The  tire  pressure  reading  occasionally 
oscillated  within  ±  2  psi.  All  data  were  hand-recorded  by  the 
flight  engineer. 

The  system  was  able  to  pick  out  pressure  loss  due  to  fuse  plug 
release  during  a  high  energy  rejected  takeoff  demonstration.  It 
picked  up  the  flat  tire  before  the  ground  maintenance  did.  Initial 
pressure  loss  was  quite  slow  but  Increased  in  rate  at  about  205  psi. 
The  system  performs  satisfactorily  for  every  flight  condition,  even 
heavy  braking.  Typical  tire  pressure  response  is  shown  in  the 
graphs  in  Figures  6  and  7  during  all  operational  conditions  and 
landing  cycles  and  hot  and  cold  cycles. 

One  case  of  failure  occurs  as  shown  in  the  Flight  No.  19  and  20 
plot.  The  profile  is  shown  in  Figure  8  showing  a  calibration  shift 
in  one  transducer  (see  problem  discussion  section). 
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TIME  (HOURS) 


FIGURE  6 


TIME  (HOURS) 


FIGURE  7 


TIME  (HOURS) 


TIME  (HOURS) 


During  Installation  one  fault  signal  occurred.  It  was  later  found 
that  the  wheel  electronics  module  wasn't  working  due  to  an  open 
wire.  Another  wheel  electronic  hub  cap  assembly  was  Installed. 
After  that  the  system  w(»'ked  satisfactorily  during  the  entire  flight 
program.  With  the  extra  hardware  added  to  the  wheel,  wheel 
balancing  was  required.  Weights  of  30  ln«oz  and  50  In-oz  were  added 
to  wheel  #1  and  wheel  #2  respectively.  As  wheel  balance  Is 
typically  checked  at  each  tire  change  In-service  this  would  not 
require  additional  maintenance  time. 

At  the  beginning  of  the  flight  test  program,  a  power  transient 
problem  was  encountered  as  mentioned  earlier  In  the  report.  The 
need  to  pull  out  the  circuit  breaker  to  restore  the  computer  memory 
was  later  eliminated  by  a  software  change. 

On  flight  20,  tire  pressure  on  wheel  #2  dropped  from  230  psl  to  160 
psl  after  the  moderate  energy  rejected  takeoff.  The  problem  was 
later  found  by  the  transducer  manufacturer  to  be  a  faulty  transducer 
due  to  off-center  soldering  on  one  of  the  gauge  pads  In  the 
transducer.  The  lead  solder  extended  over  the  edge  of  the  gauge  pad 
and  allowed  a  leakage  path  to  develop  with  time  causing  an 
unbalanced  bridge.  This  Is  shown  In  Figure  9.  Improvements  In 
quality  Inspection  have  been  provided  by  the  transducer 
manufacturer.  Corrective  action  Is  vital  as  this  Is  the  only 
failure  mode  found  In  the  system  that  would  give  a  false  warning  of 
low  tire  pressure. 


FIGURE  9.  FAILED  SOLDER  PAD  UNIT 
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As  mentioned  earlier,  the  lOf  tire  differential  threshold  had  to  be 
Increased  to  14. to  prevent  low  tire  Indloatlons  during  orulse. 

During  the  heavy  (75f  of  max  energy)  rejected  takeoff,  the  TPI 
hardware  performed  satisfactorily.  No  damage  occurred  on  the  system 
and  the  system  did  provide  <  Med  lata  warning  of  the  first  slow  leak 
In  a  tire  due  to  fuse  plug  melt. 

PILOT  COMMENTS 

Many  of  the  pilot  and  flight  engineer  comments  involved  undeslred 
aspects  of  the  prototype  display  such  as  wheel  selector  knob  size 
and  spacing  between  wheel  numbers  that  will  be  corrected  in 
production  with  different  display  types.  The  flight  engineer  also 
wanted  an  automatic  system  fault  annunciation  as  the  prototype 
system  only  provides  a  fault  display  when  the  self-test  button  is 
pushed. 

Other  pilot/flight  engineer  comments  were: 

1.  The  "low  tire"  light  should  be  suppressed  if  the  tire  pressure 
is  above  200  psl  (nominal  tire  pressure  is  180  to  190  psl). 

2.  Cycling  time  Interval  (tire  pressure  update  rate)  is  between 

3  and  4  seconds.  It  was  suggested  that  this  be  made  1  second 
max. 

3.  The  "low  tire"  light  should  be  connected  to  the  Master  Caution 
Annunciator  system. 

4.  Last  pressure  digit  oscillation  of  2  psl  was  not  desirable. 
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(2) 


One  supplier  offered  two  different  approaches  to  coupling  information 
from  the  rotating  wheel  into  the  aircraft.  These  concepts  were  tested  on 
two  wheels  each  and  displayed  on  a  comiDon  cockpit  monitor. 

a.  Signal  bearing  coupling  system. 

A.  SYSTEM  DESCRIPTION 

A  wheel  mounted  variable  resistance  type  pressure  transducer  is 
driven  by  a  constant  current  sent  to  the  wheel  through  a  ball 
bearing  assembly  acting  as  a  slip  ring  and  the  voltage  drop  across 
the  combined  bearing  and  transducer  resistance  is  measured  as  an 
indication  of  pressure.  The  ball  bearing  assembly  is  mounted  on  the 
face  of  the  antiskid  wheel  speed  transducer  (see  picture  of 
Installation  in  Figure  10)  and  is  driven  by  the  wheel  speed 
transducer  drive  shaft.  A  wire  is  brought  from  the  pressure 
transducer  to  the  hub  cap  area  and  is  terminated  in  a  small 
connector  on  the  drive  arm  of  the  wheel  speed  transducer.  The  wheel 
speed  transducer  drive  shaft  completes  the  electrical  path  to  the 
inner  face  of  the  ball  bearing  assembly  and  a  wire  attached  to  the 
outer  face  runs  through  the  axle  and  up  to  the  control  box  which 
provides  the  constant  current  source  and  other  signal  processing. 

A  precision  constant  current  source  was  used  to  induce  a  reference 
voltage  proportional  to  transducer  position.  An  absolute  pressure 
transducer  was  used  so  that  a  non-zero  reading  was  obtained  even  for 
a  flat  tire.  A  valid  reading  within  the  approved  resistance  band 
must  be  maintained.  If  the  pressure  excursions  exceed  window  limits 
again  both  the  wheel  BIT  (see  cockpit  display  panel,  Figure  11)  lamp 
and  the  master  fail  lamp  would  light.  The  wheel  BIT  lamp  would  go 
out  if  the  wheel  again  entered  valid  limits,  but  the  master  fail 
light  can  be  cleared  only  by  turn-on  reset. 

Description  of  the  display  panel  (Figure  11).  The  display  panel 
consists  of  the  following. 

1 .  Pressure  readout  gauge.  It  indicates  the  lowest  tire  presssure 
at  all  times.  Initially  the  display  panel  was  calibrated  in 
pslg,  thus  reading  approximately  15  psl  higher  than  the  normal 
tire  pressure  reading.  This  was  to  aid  in  fault  detection 
since  zero  tire  pressure  would  be  15  psi.  This  was  later 
changed  to  eliminate  confusion  with  higher  than  normal  readings. 
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Pushbutton  for  each  individual  wheel.  Find  out  the  tire 
pressure  of  a  particular  tire  by  pushing  the  corresponding 
button.  The  lamp  face  is  split  into  three  output  flags  in 
which  each  one  is  under  Independent  software  control. 


(a) 


Low.  The  low  pressure  output  flag  is  turned  on  if  the 
pressure  from  that  wheel  is  less  than  the  threshold  level 
established  by  the  front  panel  "digit-switches"  for  that 
gear  category.  There  are  three  gear  categories  -  nose, 
main,  and  center  with  a  separate  set  of  threshold 
adjustments  for  each  category. 
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FIGURE  10.  ANALOG  PRESSURE^SYSTEM  2  A,SIGNAL  BEARING  MOUNTING 
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(b)  "A".  The  delta  pressure  flag  Is  an  indication  of  a  lack 

of  symmetry  between  wheels  of  the  same  category.  The 
differential  level  is  set  at  35  psi.  If  the  particular 
tire  is  35  psi  or  more  higher  than  the  mating  tire,  then 
the  "A”  light  comes  on. 

(o)  "BIT".  The  BIT  or  built-in>test  flag  is  an  indication 
that  there  is  a  system  channel  fault.  The  sensor  data  is 
out  of  specification  and  the  data  is  considered  to  be 
unreliable.  If  the  built-in-test  determined  that  a  sensor 
had  malfunctioned,  a  pressure  indication  of  500  psi  is 
placed  in  the  output  register  for  that  wheel. 

3.  Threshold  switches.  The  purpose  of  the  threshold  switches  is 
to  permit  the  operator  to  adjust  the  trip  level  for  the  display 
flags.  A  full  range  of  zero  to  999  is  provided  for  each  of  the 
three  categories.  The  wheel  categories  are  main  gear,  nose 
gear,  and  center  gear.  These  switches  would  not  be  located  on 
the  panel  for  a  production  system  but  alteration  of  warning 
thesholds  would  be  provided  for. 

i(.  Lamp  test.  The  lamp  test  switch  enables  all  of  the  lamps  on 
the  display.  This  is  a  software  lamp  test  in  that  the  request 
switch  is  an  input  request  to  the  control  processing  unit  (CPU) 
which  then  uses  existing  drivers  to  turn  the  light  on. 

5.  Reset  switch.  The  reset  switch  cleared  possible  computer 
hangups  and  reset  the  alarm  flags  used  to  indicate  failures. 

B.  LABORATORY  TEST  RESULT 

The  signal  bearing  system  was  set  up  in  the  laboratory  for 
dynamometer  testing.  TWo  wheels  were  instrumented,  one  not  rotating 
and  the  other  rotating  on  the  dynamometer.  The  results  are  shown  in 
Table  III.  The  pilot's  monitor  light  will  come  on  when  any  one  of 
the  three  lights  are  on.  First,  there  is  the  low  pressure  light 
which  Indicates  tire  pressure  falls  below  the  established  threshold 
level,  second  is  the  delta  light  which  indicates  a  pressure 
differential  of  35  psig  drop  in  pressure,  and  third,  there  is  the 
BIT  (Built-in-Test)  light  which  indicates  a  circuit  failure. 

As  a  certain  required  threshold  was  set,  the  rotating  tire  was 
deflated  gradually  until  either  the  low  light  came  on,  or  the  delta 
light  came  on,  depending  on  whichever  occurred  first.  For  Instance, 
Table  III  showed  that  run  #3  has  the  low  light  on  first  since  the 
required  threshold  was  set  at  149  psig.  However,  in  run  #5  with  the 
required  threshold  set  at  133  pslg,  the  delta  light  came  on  first 
due  to  a  pressure  differential  of  35  psig.  Then  the  low  light 
followed.  The  TPI  monitor  readout  was  8-10  psig  lower  compared  to 
the  required  threshold  throughout  all  the  runs.  This  error 
represents  an  excessive  resistance  of  approximately  30  ohms  in  the 
transducer-signal  bearing  loop. 
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DYNAMOMETER  TEST,  RESULTS  FOR  SIGNAL  BEARING  SYSTEM 


IMSTALLATIQM 


On  Installation  of  the  signal  bearing  systen,  a  modified  hub  cap  and 
an  improved  antiskid  transducer  drive  coupler  was  installed.  New 
electrical  connectors  were  spliced  to  the  pressure  transducer  leads 
to  accommodate  the  new  hub  caps. 

During  installation,  the  pressure  transducer  standoff  fitting  in  the 
pressure  relief  plug  port  had  to  be  lockwlred  at  its  base  to  prevent 
the  turning  of  the  prssure  transducer.  This  could  be  done  only  if 
the  wheel  is  disassembled  into  halves.  Thus  the  installation 
Involves  the  breakdown  of  the  wheel  which  is  not  desirable  for 
production  installations. 

A  modified  wheel  speed  (antiskid)  transducer  with  ball  bearing  slip 
rings  was  used  which  merely  replaces  the  existing  antiskid 
transducer.  The  electrical  connection  between  the  transducer  and 
the  signal  bearing  was  unacceptable  for  production  and  was  damaged 
in  flight  test  (see  Figures  12  and  13).  Installation  times  were 
quite  comparable  with  the  transformer  coupled  system  discussed  first. 

FLIGHT  TEST  RESULTS 

This  system  utilized  a  ball  bearing  slip  ring  to  carry  electrical 
current  across  the  rotating  Joint  to  power  the  pressure  transducer, 
in  which  resistance  varied  proportionally  with  pressure.  Voltage 
drop  across  the  transducer  was  the  tire  pressure  indicator.  It  was 
Installed  on  wheels  3  and  k  of  the  tested  DC-10  aircraft.  Modified 
wobulator  type  antiskid  transducer  drive  hub  caps  were  installed. 
New  electrical  connectors  were  spliced  to  the  pressure  transducer 
leads  to  accommodate  the  new  hub  caps. 

System  characteristics  were  observed  and  evaluated  during  the  test 
program.  First,  the  system  has  a  built-in-test  (BIT)  which,  when  a 
failure  is  detected,  lights  a  BIT  light  for  the  failed  wheel  and 
drives  the  pressure  indication  to  500  psi  for  that  wheel.  This  was 
observed  on  several  occasions  due  to  open  circuits  encountered  in 
the  signal  bearing  couplers.  Also,  the  pressure  transducer  is  an 
absolute  pressure  type  so  the  cockpit  display  indicated  absolute 
pressure  (psla).  This  is  14.7  psi  greater  than  the  gauge  pressure 
(psig).  The  tires  were  Inflated  to  I90  pslg  which  was  205  psia. 


FIGURE  12.  OUTER  VIEW  OF  SIGNAL  BEARING  SYSTEM 


Initially  the  aysteai  showed  Indications  of  producing  pressure 
indications  which  varied  directly  with  aircraft  rolling  velocity. 
To  overcome  this  speed  sensitivity  which  appeared  to  be  due  to 
development  of  a  lubricant  film  between  the  bearing  balls/rollers 
and  faces,  the  ball  bearing  slip  ring  unit  was  redesigned.  (It  is 
interesting  to  note  that  the  problem  did  not  occur  during 
dynamometer  testing.)  Whereas  the  original  ball  bearing  unit 
contained  one  ball  bearing  signal  path  with  the  return  through  the 
wheel  main  bearings,  the  redesigned  unit  has  two  bearings  for  signal 
and  return.  The  bearings  were  lubricated  with  conductive  grease, 
but  tests  showed  it  was  still  speed  sensitive.  Subsequent  cleaning 
of  the  bearings  and  impregnation  with  a  small  quantity  of  dry 
powdered  graphite  resulted  in  a  non-speed  sensitive  unit  with  low 
electrical  resistance. 

Wheel  #3  malfunctioned  early  in  the  task  program.  The  indicator 
read  500  psig  indicating  an  open  circuit.  The  modified  wheel  speed 
transducer  with  ball  bearing  slip  rings  was  removed  and  replaced 
with  a  standard  wheel  speed  transducer.  The  ball  bearing  unit  was 
then  disassembled,  and  wire  attached  to  outer  bushing  was  found  to 
be  loose.  The  bushing  was  replaced,  unit  reassembled,  and  the 
repaired  unit  replaced  on  the  aircraft.  The  unit  again  had  been 
removed  and  replaced  with  a  standard  wheel  speed  transducer  when  an 
antiskid  preflight  wheel  speed  transducer  splnup  Indicated  a 
chattering  antiskid  valve. 

The  No.  4  wheel  unit  had  been  found  to  have  high  reslsteuice  (about 
100  ohms)  through  bearings  and  to  have  an  intermittent  open  circuit. 
The  wire  was  resoldered  to  the  outer  bushing  and  the  bearings 
rslubricated  with  dry  graphite.  The  #4  wheel  coupler  was  later 
mated  with  the  #3  wheel  pressure  transducer  and  worked 
satisfactorily  throughout  the  remainder  of  the  test  program.  Just 
prior  to  the  high  energy  RTO,  however,  it  was  found  that  the  cockpit 
indicator  was  reading  2  psig.  The  hub  cap  was  removed  and  it  was 
found  that  the  pressure  transducer  wire  was  pinched  between  the  hub 
cap  and  wheel  which  shorted  the  wire  to  the  wheel  (ground).  The 
pinched  point  on  wire  was  wrapped  with  tape  and  hub  cap  reinstalled. 
The  unit  then  functioned  satisfactorily  during  the  rejected  takeoff. 

The  wheel  #4  system,  prior  to  being  installed  on  wheel  #3,  gave 
consistent  readings  that  were  10  to  15  psi  higher  than  actual  tire 
pressure.  This  was  not  fully  resolved  but  the  #4  be£u?lng  assembly 
worked  satisfactorily  wlUi  the  #3  wheel  transducer. 

During  the  high  energy  rejected  takeoff  demonstration,  the  system 
was  able  to  pick  out  pressure  loss  due  to  fuse  plug  release.  It 
picked  up  the  flat  tire  before  the  ground  maintenance  did. 
Initially,  the  pressure  loss  was  quite  slow  and  the  display  was 
intermittent.  The  rate  of  pressure  loss  increased  at  about  200  psi. 
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The  signal  hearing  system  was  Installed  without  any  particular 
problem.  During  flight  teat,  It  was  found  that  the  pressure 
Indications  varied  directly  with  aircraft  rolling  velocity,  see 
Table  IV.  The  system  was  then  modified  by  adding  conductive  dry 
lubricant.  After  several  flights,  one  wheel  Indicated  failure.  It 
read  500  pslg  which  Indicated  an  open  circuit.  The  wire  attached  to 
outer  bushing  was  found  to  be  loose.  With  wire  resoldered  to  outer 
bushing,  the  reading  Indicated  2  pslg.  This  time  the  pressure 
transducer  wire  was  found  being  pinched  between  the  hub  cap  and 
wheel  which  shorted  the  wire  to  the  wheel  (ground).  Pinched  point 
on  wire  was  wrapped  with  tape.  One  particular  wheel  had  a  10-15  psl 
higher  reading  In  the  cockpit  monitor  than  the  actual  tire  pressure. 

For  the  system.  It  can  be  made  a  reliable,  simple  system  with 
improvements  in  the  detail  design  of  the  bearing  mounting, 
lubrication  and  electrical  connections.  The  sealing  of  bearings 
keep  lubricant  in  and  contaminants  out.  Lubrication  will  Include 
investigation  of  conductive  lubricants,  conductive  coatings,  and 
electroplating.  Improved  electrical  connections  to  withstand 
handling  and  flexing.  Improved  material  for  bearing  housing  for 
higher  strength  and  better  platabillty.  In  addition,  needs  to 
simplify  display  lights  and  switching  and  redesign  the  transducers. 

In  production-wise,  it  appears  possible  and  logical,  since  the 
pressure  transducer  produces  a  variable  resistance,  to  combine  the 
functions  of  the  tire  pressure  monitor  with  those  of  the  brake 
temperature  monitor  in  the  same  cockpit  display. 

TABLE  IV 

AIRCRAFT  SPEED  VS.  PRESSURE  INDICATIONS 


AIRCRAFT  SPEED 
(MPH) 

WHEEL  #3  PRESSURE 
(PSIA) 

WHEEL  #4  PRESSURE 
(PSIA) 

4 

230 

230 

6 

230 

230 

7 

260 

260 

17 

270 

270 

20 

280 

280 

52 

300 

400 

After  RTO,  Alrborn 

240  (Brake  at  llO^C) 

250  (Brake  at  140“C) 
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The  signal  bearing  system  did  not  prove  to  be  satisfactory  during 
the  flight  test  program.  Although  the  Initial  problem  of  tire 
pressures  varying  with  wheel  speed  was  largely  resolved  with  the 
Impregnation  of  the  bearing  with  dry  graphite,  this  solution  was 
later  shown  by  laboratory  tests  to  be  Inadequate  for  long  rolling 
life.  In  the  laboratory  the  dry  conductive  lubricant  eventually 
migrated  away  from  the  rolling  balls  degrading  the  characteristics 
of  the  bearing.  Further,  despite  the  partial  resolution  of  the 
speed  sensitivity  problem  the  system  continued  to  be  plagued  by 
malfunctions  and  Intermittents  such  that  usable  data  was  only 
obtained  during  the  last  several  flights  of  the  test  aircraft  on  one 
wheel. 

The  system  manufacturer  continued  intensive  development  after  the 
completion  of  the  test  program  and  has  developed  a  direct  contact 
coupling  system  that,  based  on  laboratory  tests,  appears  to  resolve 
all  the  problems  encountered  during  flight  test.  This  must, 
however,  be  proven  through  further  aircraft  service  evaluation. 

Analog  Pressure  via  Inboard  Wheel  Couplers 

aCSIEH  PESCRIPTIQM 

1.  This  Is  a  system  based  on  the  use  of  two  externally  mounted 
magnetic  coupling  rings  for  transfer  of  pressure  data  from  the 
rotating  wheel  to  the  stationary  hub  (see  picture  of 
installation  in  Figure  14).  Conventional  schemes  were  then 
used  for  transmittal  to  the  processor  and  display.  The  rings, 
approximately  two  feet  in  diameter,  consisted  of  many  turns  of 
copper  wire  potted  into  a  supporting  metal  form.  One  ring  was 
mounted  on  the  wheel  and  the  other  was  mounted  on  the 
stationary  brake  housing  so  that  the  rings  faced  each  other 
with  a  small  air  gap  between  them.  Power  was  transmitted  to  a 
small  electronic  package  on  the  wheel  through  the  ring  coupling 
and  pressure  data  was  transmitted  from  the  wheel  back  through 
the  rings  to  a  processor  box.  A  pressure  transducer  mounted  on 
the  wheel  provided  a  variable  resistance  output  which  was 
monitored  by  the  wheel  electronics  package.  This  wheel 
electronics  package  was  designed  so  that  the  output  frequency 
Is  directly  proportional  to  the  tire  pressure  of  the  wheel. 

The  system  operating  band  was  set  up  to  provide  a  preset  window 
of  valid  readings.  Operation  of  the  wheel  unit  at  frequencies 
for  zero  pressure  and  high  pressure  were  within  an  approved 
band.  Operation  at  frequencies  outside  the  approved  band  were 
unacceptable  as  valid  data  and  caused  the  BIT  lamp  (see  System 
2  cockpit  display,  Figure  11)  of  that  particular  wheel  and  the 
master  fall  lamp  to  light.  If  normal  operation  returned,  the 
BIT  lamp  on  the  wheel  went  out,  but  the  master  fall  light 
stayed  on  indicating  a  malfunction  had  occurred.  The  master 
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fall  light  can  be  cleared  by  the  "reset”  switch.  If  the  computer 
senses  a  BIT  fall  on  a  wheel  It  recognizes  the  data  is  Incorrect. 
If  an  operator  request  is  made  by  pushing  the  wheel  display  button 
on  a  BIT  failed  wheel,  the  computer  will  put  500  psl  on  the  analog 
meter.  This  represents  the  fault  condition  when  valid  data  was  not 
available. 


Several  dynamometer  test  runs  were  performed  under  different 
conditions  as  shown  In  Table  V.  One  tire  was  set  at  a  starting 
pressure  with  readings  taken  statically  (wheel  not  turning).  This 
tire  was  used  primarily  for  tire  pressure  comparison  with  the 
deflated  rotating  tire.  The  pilot's  monitor  light  will  come  on  when 
any  one  of  the  three  lights  are  on.  First,  there  is  the  low 
pressure  light  which  indicates  tire  pressure  falls  below  the 
established  threshold  level,  second  is  the  delta  light  which 
Indicates  a  pressure  differential  of  35  psig  drop  in  pressure,  and 
third,  there  is  the  BIT  (built-in-test)  light  which  indicates  a 
circuit  failure. 

As  a  certain  required  threshold  was  set,  the  rotating  tire  was 
deflated  gradually  until  either  the  low  light  came  on,  or  the  delta 
light  came  on,  depending  on  whichever  occurred  first.  For  Instance, 
Table  V  showed  that  run  #1  has  the  low  light  on  first  since  the 
required  threshold  was  set  at  165  psig.  However,  in  run  with  the 
required  threshold  set  at  133  pslg.  the  delta  light  came  on  first 
due  to  a  pressure  differential  of  35  psig.  Then  the  low  light 
followed.  The  TPI  monitor  readout  was  8-10  psig  lower  compared  to 
the  required  threshold  throughout  all  the  runs.  This  is  probably  a 
conversion  error  and  appeared  to  have  greater  error  at  lower  (110 
psig  and  less)  pressures. 


The  inductive  colls  (hoola  hoops)  were  Installed  on  wheels  5  and  6 
(left  rear  outboard  and  Inboard).  When  adjusting  the  colls  on  wheel 
5,  It  was  found  that  the  wheel  mounted  coil  had  a  wide  spot  on  its 
flange  that  made  It  Impossible  to  adjust  the  colls  to  a  nominal  1/8 
inch  clearance.  When  that  system  failed  to  operate,  the  colls  were 
readjusted  to  the  minimum  clearance  practicable.  Rotating  the  wheel 
by  hand  then  showed  the  system  to  be  operating  except  over  a  small 
angle  of  rotation.  No  further  attempt  was  made  to  adjust  the  colls 
on  wheel  5. 

The  colls  on  wheel  6  were  adjusted  to  the  nominal  1/8  inch  clearance 
and  operated  through  full  wheel  rotation.  However,  after  the  first 
flight,  the  wheel  showed  failed  (BIT  light  on)  so  the  colls  were 
readjusted  to  the  minimum  practicable  clearance  before  the  second 
flight. 


41 


TARTIN6 


D.  FLIGHT  TEST  RESULTS 

This  system  utilized  inductive  coupling  across  two  large  colls,  one 
mounted  on  the  Inboard  face  of  the  wheel  and  the  other  on  the 
adjoining  face  of  the  brake  housing.  The  power  to  and  the  signal 
from  the  wheel  mounted  electronics  were  transmitted  inductively 
through  these  colls. 

The  number  5  wheel  system  was  inoperable  through  practically  all  of 
both  flights  in  which  they  were  tested.  Subsequent  Inspection  of 
the  inductive  coils  revealed  that  during  the  flight  test  they  had 
rubbed  together  to  the  extent  that  the  coil  encapsulant  was  worn 
through  and  the  wires  broken.  The  number  6  wheel  installation  read 
high  (offset)  and  was  somewhat  erratic. 

It  was  concluded  that  the  large  coil  inductively  coupled  system,  due 
to  the  necessity  of  maintaining  a  very  small  gap  between  the 
rotating  and  stationary  colls,  was  impractical.  In  addition,  large 
rings  around  the  wheels  looked  vulnerable.  They  could  be  damaged 
from  blown  tire  debris,  by  mechanics  climbing  on  the  wheels  or  by 
ice  and  snow  compacting  in  the  wheel  during  winter  operation,  when 
the  coil  gap  was  reduced  due  to  differential  ring  expansion  from 
brake  heating  causing  rubbing  of  the  colls  and  their  eventual 
destruction,  flight  test  evaluation  was  discontinued. 

As  a  result  of  the  testing,  it  was  concluded  that  the  large  coll 
Inductively  coupled  system,  due  to  the  necessity  of  maintaining  a 
very  small  gap  between  the  rotating  and  stationary  colls,  was 
impractical.  In  addition,  the  vulnerability  of  the  systan  proved 
that  it  was  not  a  practical  tire  presure  system.  Although 
impractical  for  the  main  gear  installation  this  approach  may  be 
viable  for  the  nose  wheel  where  many  small  rings  can  be  used  on  the 
Inboard  side  of  the  nose  wheel  around  the  axle. 

Summary  of  System  Flight  Crew  Comments 

Again,  many  of  the  flight  crew  comments  were  on  prototype  features 
of  the  test  hardware  which  would  be  corrected  in  the  production 
component.  A  summary  of  those  comments  are  as  follows: 

1.  Box  is  too  big  and  complicated.  It  doesn't  need  to  have 
threshold  setting  capability  in  the  cockpit  (this  would  be  on 
front  of  remote  computer  for  production.)  It  should  be  set  by 
maintenance. 

2.  Digital  readout  is  better  than  gauge  readout.  Scaling  for  the 
gauge  reading  is  too  large. 

3«  Flight  crew  preferred  a  combination  display  with  both  the  brake 
temperature  monitor  and  tire  pressure  indication  by  using  one 
switch  to  select  function. 
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4.  Delta  function  could  oosblne  with  low  light. 

5.  Too  muoh  information  given  by  the  lights  which  creates  more 
confusion. 

6.  Large  rings  around  wheels  #5  and  #6  look  vulnerable.  They 
could  be  damaged  from  blown  tires  or  when  mechanics  climb  on 
the  wheels. 

7.  BIT  light  could  be  eliminated  by  having  gauge  read  500  for 
failed  wheel  circuit  or  if  digital  indicator  is  FFF.  A  fail 
light  in  the  corner  should  be  on  to  alert  the  problem. 

8.  Need  master  caution  hookup  for  tire  pressure  failure  light. 

9.  During  RTO  performance »  it  was  able  to  pick  out  pressure  loss 
before  ground.  Initial  pressure  loss  quite  slow  but  sped  up 
once  below  200  psl. 
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Pereant  Tire  Load  via  Bogle/ Aacle  Strain 
SYSTEM  DESCHIPTIOW 

The  "weight  and  balance"  approach  to  Low/Failed  tire  detection 
consists  of  comparing  transducer  signals  associated  with  pairs  of 
wheels  -  the  fore  or  aft  pair  on  a  main  gear  bogle,  for  example. 

The  differences  between  transducer  signals  (Indicated  loads)  for 
each  pair  of  wheels  are  chiefly  proportional  to  the  tire  pressure 
differences  (see  Figure  15).  For  the  DC-10  style  main  gear 
bogle-mounted  transducers,  the  proportionality  factor  depends  on  the 
specific  gear  dimensions,  the  torsional  stiffness  of  the  bogie  beam 
and  the  compliance  characteristics  of  the  tires.  In  practice, 
relatively  large  differential  deflections  exist  between  the 
measurement  points  on  opposite  sides  of  the  bogle/axle  as  a  result 
of  differential  tire  pressures. 

Differential  deflections  also  occur  from  other  causes  such  as: 

o  Various  static  loading  distributions  and  quantities  of  fuel, 
cargo  and  passengers. 

o  Runway  and  taxiway  crown,  roughness,  and  undulations. 

o  Inertial  side  forces  in  turns,  crosswinds,  and  the  like. 

o  Tire  scrubbing  during  turns;  especially  slow,  tight  turns. 

Airframe  structural  dynamics  also  enter  Into  the  picture  when  the 
aircraft  is  moving.  These  are  primarily  low  frequency  effects  as 
the  natural  frequencies  are  quite  low. 

Thus,  the  system  must  provide  moderately  sophisticated  signal 
processing  capable  of  recognizing  the  various  gear  loading  patterns 
and  differentiating  between  those  which  are  caused  by  differential 
tire  pressures  and  those  which  result  from  the  various  dynamic  and 
Inertial  forces  which  are  reacted  through  the  bogie-beam/axle 
members.  This  signal  processing  occurs  In  a  number  of  categories: 

o  Higher  frequencies  are  filtered  through  a  combination  of 
transducer  frequency  response,  demodulator,  and  A/D  converter 
characteristics. 

o  Software  digital  filters  smooth  the  data  before  It  Is  entered 
Into  the  comparison  routine. 

o  Upon  Indication  that  an  alarm  condition  may  be  present,  the 
signatures  associated  with  the  various  Inertial  and  turning 
forces  are  looked  for,  and  If  present,  the  alarm  is  inhibited. 
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FIGURE  15 

PERCENT  TIRE  LOAD  SYSTEM 
LOAD  DISTRIBUTION  CHANGE  DUE  TO  LOW  TIRE 


o  Various  other  alarm  criteria  and  time  delays  are  also  applied, 
depending  upon  such  factors  as  the  magnitude  of  the 
differential  load,  the  aircraft  weight,  etc. 

The  TIRE  MONITOR  measures  the  load  on  each  tire  relative  to  the  load 
on  the  companion  tire  on  the  same  axle.  The  3-dlglt  display 
Indicates  the  load  carried  by  the  selected  tire  in  percent.  When 
100  percent  is  displayed,  the  selected  tire  is  carrying  its  full 
share  of  the  shared  load.  When  values  less  than  100  percent  are 
indicated,  the  selected  tire  is  carrying  less  than  Its  share  of  the 
load.  Values  greater  than  100  percent  are  indicated  when  the 
selected  tire  is  carrying  more  than  its  share  of  the  load.  Refer  to 
Figure  16  which  shows  the  cockpit  display/control  unit. 


FIGURE  16 


COCKPIT  DISPLAY,  SYSTEM  3 

In  normal  operation  when  energized,  the  system  continuously  scans 
the  transducer  outputs  and  calculates  the  tire  loads  comparing  them 
against  alarm  limits.  Each  scan  requires  about  60  milliseconds.  In 
the  normal  scanning  mode,  the  digital  display  screen  is  blanked  and 
only  the  "POWER"  switch  is  illuminated. 

Filtering  is  provided  to  eliminate  spurious  trips  which  might  be 
caused  by  short-term  electrical  and/or  load  transients.  In 
addition,  an  alarm  condition  must  be  present  on  three  successive 
scans  to  trip  the  actual  alarm  lights  and/or  signals  which  will 
alert  the  aircraft  crew  of  any  abnormal  tire  loading  condition. 
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Two  adjuatablo  levols  of  alani  oondltions  aro  provided.  The  firat 
level  la  activated  when  a  load  unbalance  of  ^  151  ia  detected.  In 
thia  condition,  the’dlaplajr  annunciator  labeled  "LOW*  la 
lllualnated.  Slnultanaoualy,  the  puahbutton  awltch  aaaoclated  with 
the  tire  which  indicatea  a  low  load  llluainatea  to  identify  the 
offending  tire  to  the  crew.  (NOTE:  The  151^  threahold  waa  Increaaed 
during  flight  teat  to  avoid  falae  warnlnga  when  aircraft  waa 
rolling.) 

If  the  load  unbalance  ahould  continue  to  Inoreaae  (aaaoclated  with 
decreasing  pressure  in  the  offending  tire)  to  or  beyond  the  second 
trip  level  (505),  the  "FLAT*  annunciator  (top  half  of  "FLAT/LOW" 
annunciator  screen)  will  llluDlnate.  In  addition,  the  location 
switchllght  will  change  from  steady  to  flashing  condition. 

In  the  "FLAT"  alarm  condition,  the  "LOW”  light  will  also  continue  to 
be  illuminated.  At  any  time  that  either  of  the  "LOW/FLAT"  lights 
are  on,  one  or  more  remotely  located  alarm  lights  can  be  illuminated 
also. 

Any  alarm  condition  will  continue  to  be  indicated  by  the  display  so 
long  as  It  persists.  Should  the  condition  which  caused  the  alarm 
disappear,  or  be  corrected,  the  system  will  automatically  reset  to 
the  normal  scanning  mode. 

Multiple  alarm  conditions  (affecting  more  than  one  tire)  can  also  be 
detected  and  displayed  by  the  system  In  the  same  manner  as  for  a 
single  alarm  condition. 

The  system  can  be  energized  continuously.  It  functions  in  the  tire 
monitoring  mode  when  the  aircraft  is  on  the  ground  -  parked, 
taxiing,  and  during  the  takeoff  and  landing  rolls.  However,  alarms 
are  disabled  whenever  the  total  measured  loads  on  the  gear/tires  are 
less  than  5-15  percent  of  the  aircraft  empty  weight  values  and/or  a 
ground  speed  exceeding  100  knots  ia  sensed  (based  upon  an  input 
signal  derived  from  a  wheel  speed  sensor  -  from  the  antiskid 
system).  A  cockpit  mounted  display  panel  is  shown  in  Figure  17. 

Manually  Initiated  Tire  Load  Indication 

Tire  loading  readings  can  be  initiated  manually  at  any  time  the 
aircraft  ia  on  the  ground  and  the  gear  is  reasonably  loaded 
(equivalent  to  501  of  aircraft  empty  weight  or  more).  This  is 
accomplished  as  follows: 

1.  Press  the  switch  button  on  the  cockpit  display  associated  with 
the  tire  load  reading  wanted. 

2.  The  switch  button  will  illuminate  when  activated  and  the 
digital  display  will  come  on  indicating  the  relative  loading  on 
that  tire. 


3*  The  display  will  continue  to  monitor  the  selected  tire  until 
one  of  the  following  occurs: 

(a)  The  selected  tire  switch  Is  pressed  again. 

(b)  Another  tire  channel  Is  selected  by  pushing  the 
appropriate  switch. 

B.  UBQRATQBY  TEST  HESMUS 

(No  Lab  Tests  were  performed  with  this  system  due  to  the  difficulty 
of  simulating  gear  Installation  and  loading.) 

C.  INSTALLATION 
Transducer  Installation 

The  transducers  were  Installed  on  the  left  gear  only  of  the  test 
DC-10  by  maintenance  personnel  using  an  Installation  procedure 
provided  by  the  manufacturer.  The  Installation  sequence  and  working 
times  were  as  follows: 

o  Preparation  -  Including  cleaning  of  paint  from  mounting  lugs, 
Installation  of  cover  brackets  and  setup  of  Installation  test 
equipment  -  1  manhour. 

o  Aircraft  Jacking  -  30  min.  elapsed,  2  manhours. 

0  Transducer  Installation  -  4  transducers.  Including  verification 
of  lug  dimensional  accuracies,  shimming,  attachment  and 
torqulng  -  1  manhour. 

o  Cover  Installation  -  .25  manhour. 

o  Lowering  Aircraft  from  Jacks  -  30  min.  elapsed,  2  manhours. 

o  Cable  routing,  attachment  to  structure,  and  connection  to 
aircraft  wiring  (previously  installed)  -  1  manhour. 

No  problems  were  encountered  during  any  of  this  sequence  -  the 
transducer  installation  was  straight-forward  and  relatively  easy. 

As  there  were  no  transducer  failures  during  the  flight  test,  there 
was  no  quantitative  test  of  removal/replacement  of  a  single 
transducer.  Estimated  time,  based  upon  experience  Is  less  than  one 
manhour. 

NOTE:  Aircraft  Jacking  is  not  required  for  any  routine 
replaoement/malntenanoe  of  the  transducers  -  only  for  a  new 
Installation  or  a  complete  replacement  of  all  the  transducers 
on  a  bogle.  In  addition,  the  "f ly-to-zero"  routine 
(Automatic  Inflight  Zeroing)  is  optional  to  Jacking. 
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The  transducer  Installation  is  relatively  simple.  Since  there  are 
no  wheel  connections  Involved,  changing  the  tire  will  not  disturb 
the  system.  Thus,  no  wheel  and  tire  modification  is  needed. 

The  first  installation  of  the  transducer  will  consume  more  tine. 
With  the  transducers  mounted,  shims  may  need  to  be  added  to  zero  the 
transducer  readings.  The  addition  of  shims  is  required  to  take  out 
any  unevenness  In  the  lugs  which  may  create  non-zero  reading. 
However,  once  the  necessary  shims  are  added,  transducers  become 
Interchangeable.  The  same  transducer  is  used  at  all  wheel 
Installations  Including  nose  Installation.  Typical  transducer 
installations  during  the  flight  test  are  shown  in  Figures  16  and  19. 

1 .  System  Calibration 

Two  approaches  to  establishing  initial  transducer  zeros  were 

tested  successfully. 

(a)  The  aircraft  was  Jacked  at  the  wing  Jack  points  to  unload 
the  gear  during  or  after  transducer  Installation.  The 
auto-zero  routine  was  Initiated  manually  as  part  of  the 
Installatlon/callbratlon  procedure. 

(b)  The  aircraft  was  flown  and  the  auto-zero  routine  initiated 
manually  with  gear  down  at  less  than  200  knots,  to 
establish  the  initial  zero  values.  (Subsequently,  the 
normal  auto-zero  routine  takes  place  automatically.) 

2.  Once  zeros  were  established  in  the  computer  memory,  the  system 

was  calibrated  as  follows: 

(a)  With  all  the  tires  on  the  gear  at  ambient  temperatures, 
adjust  all  tire  pressures  to  their  rated  pressure  (±  1 
psi). 

(b)  While  maintaining  the  tire  pressures  constant,  adjust  the 
computer  scaling  factors  for  each  transducer  output  to 
obtain  readings  of  1001(  ±.  2f  on  all  channels  (1,  2,  5,  and 
6)  on  the  cockpit  panel. 

D.  FLIGHT  TEST  RESULTS 

Statically,  the  tire  load  responded  to  the  tire  pressure  very 
closely.  Per  the  static  bleeding  tests  shown  in  Figures  22  and  23 1 
the  transducer  output  provided  excellent  results.  However,  usable 
digital  readout  data  was  never  obtained  while  the  aircraft  was  in 
motion.  Initial  false  alarms  occurring  with  the  aircraft  moving 
were  eliminated  and  valid  low  tire  alarms  could  be  obtained  with  the 
aircraft  in  motion. 
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FIGURE  19.  TRANSDUCER  INSTALLATION  WITH  TRANSDUCER  COVER  ON 


During  an  ETC  three  tires  went  flat  after  the  aircraft  came  to  a 
rest.  The  heat  generated  within  the  brakes  conducted  to  the  wheels 
resulting  in  melting  of  fuse  plugs  and  deflation  of  the  majority  of 
the  tires.  Fuse  plugs  melted  shortly  after  the  aircraft  stopped  on 
the  runway,  the  first  tire  started  leaking,  becoming  completely  flat 
3-1/2  minutes  later.  The  second  tire  fuse  plug  blew  4  minutes  after 
the  first  tire.  The  third  tire  was  not  detected  since  the  loads  on 
that  axle  re-equalized.  Even  though  this  is  a  rare  case,  if  two 
tires  on  the  same  axle  happened  to  be  blown  at  the  same  time  the 
system  could  not  detect  this  failure. 

The  system  hardware  including  transducers  and  computer  did  not  fail 
throughout  the  flight  test  program.  An  intermittent  connection  on  a 
connector  to  a  component  in  the  display  was  encountered  early  in  the 
test  program  and  corrected. 

The  software  in  a  system  such  as  this  must  be  quite  sophisticated  to 
provide  reliable  low  tire  warnings.  The  key  to  avoiding  false 
failure  warnings  lies  in  the  ability  of  the  software  routines  to 
recognize  transducer  loading  patterns  across  the  airplane  and  reject 
load  differentials  caused  by  runway  crown,  runway  unevenness, 
turning,  gear  side  loads,  and  other  normal  operational  effects 
causing  differential  wheel  loads.  The  software  required  extensive 
development  during  the  flight  test  program  to  account  for  these 
effects  with  significant  progress  being  made  in  the  short  2  month 
test  program.  Most  attention  was  required  to  handle  dynamic  loading 
variations.  Further  software  development  will  be  required  before 
production  status  hardware  is  developed. 

Static  Tests 

A  static  bleed  test  was  performed  on  all  four  tires  on  the  left  main 
landing  gear  while  the  aircraft  was  on  scales.  The  pressure  of  each 
tire  was  gradually  reduced  in  increments  down  to  the  point  where  the 
wheel  scales  reached  their  maximum  weight  limit.  During  the  bleed 
test  on  each  tire,  the  pressures  in  the  other  three  tires  were 
maintained  at  190  psi.  At  each  pressure,  the  following  measurements 
were  recorded: 

1.  Individual  scale  weight  data  for  each  tire. 

2.  Low  Tire  monitor  readings  for  each  tire, 

3.  Data  system  readings  from  the  demodulator  output  (Internal  to 
the  computer). 

This  data  versus  tire  pressure  is  plotted  in  Figures  20  through  25 
and  is  tabulated  in  the  tables  below  the  graphs. 

These  plots  all  follow  a  common  pattern.  Most  of  the  weight  is 
transferred  from  the  tire  losing  pressure  to  its  companion  on  the 
same  axle.  Twist  of  the  bogle  causes  some  Increase  in  load  on  that 
axle.  Some  shifting  of  the  loads  on  the  other  gears  also  occurs, 
primarily  a  rocking  action  on  the  center  gear  increasing  its  load. 
Actually,  this  rocking  action  usually  lightens  the  load  on  the  right 
main  gear. 
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Notes;  o  Totnl  nross  Woicht  at  Ih 

•  Assymetric  loaflino  outboard  to  inboard  tires  — 10, ?An  lbs  total 

•  Left  Main  Oear  unloads  a  total  of  2900  lbs,  transforrino  load 


to  other  near  (pr^arily  the  contorl  ir-.o  oear). 


FIGURE  20 

DEFLATION  TEST,  TIRE  PRESSURE  VS.  WEIGHT  CHANGE  ON  TIRE  #1 
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FIGURE  22 

DEFLATION  TEST,  TIRE  PRESSURE  VS.  COCKPIT  LOADING 


Pressures  at  start 
of  test  190  \2  psi 
LOW  Alarm  Light  at 
169  psi,  FLAT  linht 
at  ]?A  psi 
Pressures  at  end  of 
test  l:’3  !l  psi 
except  Tire  1  at 
169  psi 


INDICATION  (#1 ) 
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Cockpit  Loading  Indication,  Percent 


Notes:  •  LOW  Alarm  Light  at  Ifi? 

0  FLAT  Alarm  1  i(|ht  at  l?r'  psi 

0  Reached  weigitt  limit  of  gg,()n'i  lb  on  Wheel  1  at  112  psi 


FIGURE  23 

DEFLATION  TEST,  TIRE  PRESSURE  VS.  COCKPIT  LOADING  INDICATION  (#2) 
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FIGURE  24 

DEFLATION  TEST,  TIRE  PRESSURE  VS.  DEMODULATED  TRANSDUCER  OUTPUT  (#1) 
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Demodulated  Transducer  Output.  Volts 
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FIGURE  25 

DEFLATION  TEST.  TIRE  PRESSURE  VS,  DEMODULATED  TRANSDUCER  OUTPUT  (#6) 


Asynmetrlc  loading  of  the  inboard/outboard  tires  on  the  left  aaln 
was  also  noted  In  most  of  the  data  taken  on  the  left  main  gear.  On 
the  average,  the  outboard  tires  were  loaded  10  percent  more  than  the 
Inboard  tires  with  the  aircraft  on  a  flat  surface.  On  a  normal 
runway  crown  the  load  Is  equalized. 

lira  flflflflfiUoii  Aftar  RalMted  TaitflflfX: 

The  data  In  Figure  26  shows  the  results  of  tire  deflation  after  a 
751  energy  rejected  takeoff  when  fuse  plugs  melted.  The  approximate 
system  alarm  points  are  shown  on  the  figure  where  wheel  #5  goes 
first  followed  by  the  Increase  In  load  on  #6  tire.  Sometime  later 
tire  #1  starts  losing  pressure  causing  Its  load  to  be  transferred  to 
tire  #2. 

PvnaBtn  Tftat  Results 

The  bogle  mounted  transducers  measure  the  total  strain  deflection  of 
each  side  of  the  bogle.  The  strain  deflection  Is  the  summation  of 
both  vertical  shear  strain  (due  to  supporting  the  weight  of  the 
aircraft)  and  rotational  strain  due  to  moments  applied  with  respect 
to  the  longitudinal  axis  of  the  bogle. 

Rotational  moments  applied  to  the  bogie  are  caused  by  several 
forces.  Of  primary  Interest  Is  the  torque  Induced  by  one  tire 
having  lower  pressure  than  Its  mate.  Because  of  the  nearly  linear 
pressure  compliance  of  the  tires,  pressure  reduction  in  one  tire 
with  respect  to  the  other  results  in  a  nearly  linear  moment  applied 
to  the  bogle  tube.  The  difference  in  the  strain  deflection  of  the 
transducers  Is  a  linear  Indication  of  the  torque  on  the  bogle  and 
therefore  the  differential  tire  pressure. 

Other  sources  of  torque  on  the  bogle  result  from  scrubbing  effects 
during  turning  and  due  to  side  loading  of  the  landing  gear  either 
due  to  turning  at  high  speed  or  from  relative  side  motion  of  one 
landing  gear  with  respect  to  the  other.  This  last  tcrquing  effect 
occurs  because  of  the  compliance  of  the  aircraft  frame,  particularly 
between  the  landing  gear  attachment  points. 

Turning  Slanaturea 

Turning  effects  have  unique  signatures  different  from  that  of  a  low 
tire. 

Figure  27  shows  typical  signatures  of  turns  during  low  speed  taxi 
operations.  This  data  was  taken  during  taxi  to  parking  after  the 
last  test  flight  landing. 

False  tire  monitor  alarms  were  eliminated  during  turns  by  providing 
a  software  routine  which  recognized  the  turning  pattern  signature  - 
looking  out  the  alarm  when  the  turning  pattern  occurred. 
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TPI  SYSTEM  EVALUATION 

PO^T-RTOTIRE  FAILURES 
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SEQUENCE  OF  EVENTS 

o  FUSE  PLUGS  MELT  SHORTLY  AFTER  AIRCRAFT  STOPS  ON  RUNWAY 
o  TIRE  5  STARTS  LEAKING.  BECOMING  COMPLETELY  FLAT  3S  MINUTES  LATER 

o  TIRE  B  LOW  LIGHT  ALARM  LIMIT  REACHED  6  SECONDS  AFTER  BLOWOUT.  FLAT  LIGHT  ALARM  LIMIT  REACHED 
30  SECONDS  AFTER  BLOWOUT 

e  TIRE  1  PLUG  BLOWS  4  MINUTES  AFTER  TIRE  5.  LOW  ALARM  LIMIT  REACHED  IN  ABOUT  25  SECONDS,  AND  FLAT 
LIMIT  IN  ABOUT  30  SECONDS 


FIGURE  26.  SYSTEM  OPERATION  DURING  TIRE  FAILURE  FOLLOWING  RTO  TEST 
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TPI  SYSTEM  EVALUATION 

NO.  B  TURN  B04>Ea  LEFT  ONTO  RUNWAY 
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AMPLIFIED  TURNING  PATTERN  SIGNAL  TRACE 

a  TIQHT-RAOlUS  LEFT  TURN  BEGINS  AT  17  SECONDS  ON  PLOT  AFTER  SLIGHT  RIGHT-HAND  SWING 

o  TRANSDUCERS  MOUNTED  ON  LEFT  MAIN  GEAR  MEASURE  THE  TURNING  TOROUE-PRODUCED  DEFLECTIONS 

o  SYSTEM  COMPUTER  SOFTWARE  ROUTINE  RECOGNIZES  THE  TURNING  PATTERN  AND  INHIBITS  TIRE  ALARM 
UNTIL  THE  TURN  IS  COMPLETED 


FIGURE  27.  TYPICAL  TURNING  SIGNATURES 
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Figure  28  shows  the  last  ten  seconds  of  a  takeoff  roll  followed  by 
the  first  ten  seconds  of  post-rotation  climbout.  Some  flight  test 
data  system  noise  Is  present  on  the  Tire  1  and  2  channels. 
Disregarding  the  data  system  noise,  the  predominant  dynamic  signal 
noise  induced  by  the  runway  is  about  1  Hz  or  greater  with  amplitudes 
up  to  30}  of  the  fully  loaded  gear  values. 

Most  of  the  fluctuations  in  the  individual  transducer  signals  are  in 
phase  indicating  that  they  may  be  caused  by  "up  and  down”  airframe 
flexing.  However,  some  fluctuations  are  observed  which  indicate 
side  loading.  These  are  of  magnitudes  similar  to  the  "up  and  down” 
fluctuations  and  at  frequencies  of  about  1  Hz  also. 

It  was  determined  from  this  data  that  filtering  the  transducer 
signals  with  a  second  order  filter  with  a  corner  frequency  of  about 
.15  Hz  would  eliminate  nearly  all  of  the  "noise"  caused  by  the 
interaction  between  the  aircraft  and  runway  during  the  takeoff  roll. 
The  system  was  revised  to  incorporate  these  filter  characteristics 
Just  prior  to  the  final  test  flight. 

Side  Loading  Effects 

Side  loads  of  three  different  kinds  were  observed  during  the  flight 
test.  The  first  of  these  Is  the  asymmetric  loading  between  inboard 
and  outboard  tires.  Its  values  were  on  the  order  of  10^  in  terms  of 
heavier  loading  on  outboard  tires.  Since  this  type  of  side  load 
tends  to  be  biased  out  in  the  system  calibration,  its  effects  are 
reduced  to  values  equivalent  to  5  or  10  psl  tire  pressure 
differentials.  However,  as  this  asymmetric  loading  pattern  results 
from  camber  built  Into  the  gear  to  accommodate  runway  crown,  some 
further  data  on  the  loading  pattern  on  typical  runways  as  contrasted 
to  typical  parking  areas  is  needed. 

A  second  type  of  side  loading  Involves  the  up/down  flexing  of  the 
airframe.  This  is  taken  care  of  ^y  filtering  and  smoothing  of  the 
data. 

A  third  category  of  side  loading  is  caused  by  inertial  or  wind 
effects  -  sideways  scrubbing  of  the  gear  during  a  high  speed  turn  or 
during  cross  winds.  A  typical  pattern  for  these  is  shown  in  Figure 
29<  A  software  routine  which  recognizes  this  pattern  was 
implemented  in  the  system  and  its  operation  was  Improved  through  the 
use  of  additional  filtering  in  two  subsequent  modifications.  It  was 
not  possible  to  accumulate  much  operational  time  on  the  final  system 
software  so  the  effectiveness  of  these  modifications  could  not  be 
evaluated  adequately. 
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o  6IOE  LOAD  FATTERNS  ARE  OBSERVED  AT  AROUND  60  AND  100  SECONDS  ON  THE  ABOVE  PLOT 
e  NOTE  INVERSION  SYMMETRY  BETWEEN  TIRES  ON  EACH  AXLE 
•  PLOT  SHOWS  UNFILTEREO  TRANSDUCER  OUTPUTS  FROM  TIRES  1, 2. 6,  AND  6 


FIGURE  29.  TYPICAL  SIDE  LOAD  PATTERNS 


CoabiMd  tranatant  Effacta  -  Qrouad  OBtratlon 

Certain  combinations  of  turning  and  inertial  side  load  effects 
cannot  be  distinguished  from  a  low/flat  tire  using  the  software 
routines  developed  and  tested  during  this  flight  test.  The  data 
collected  tends  to  indicate  that  these  are  either  short  in  duration 
-  or  when  longer,  are  reacted  on  both  gears  in  a  recognizable 
pattern. 

Those  superpositions  of  dynamic  effects  which  are  short  in  duration 
are  eliminated  by  the  basic  filtering  of  the  system. 

It  is  not  certain  whether  longer  term  superpositions  which  would 
pass  through  the  system  filtering  actually  exist.  If  they  do  exist 
with  relatively  long  duration  -  exceeding  several  seconds  -  a 
pattern  recognition  routine  which  uses  the  data  from  both  main  gears 
will  be  applied  to  eliminate  false  alaras  from  this  cause.  Further 
testing,  including  the  instrumentation  of  both  main  gears,  will  be 
required  to  determine  the  need  for  and  to  prove  the  operation  of 
this  feature,  if  needed. 

PROBLEMS  EMCQUMTERED/RESOLOTIOMS 

As  mentioned  in  the  section  on  flight  test  results,  the  system 
hardware  performed  quite  satisfactorily.  The  system  software,  as 
might  be  expected  with  a  brand  new  system  such  as  this,  required 
significant  development  all  of  which  was  not  completed  during  the 
test  program. 

The  key  complaint  of  the  flight  crew  centered  around  the  erratic 
digital  percent  tire  load  display.  Meaningful  data  was  never 
obtained  with  the  aircraft  in  motion  which  led  to  significant,  and 
perhaps  somewhat  unjust,  criticism  of  the  system.  In  a  production 
system  there  would  be  no  great  value  in  displaying  percent  tire  load 
with  the  aircraft  in  motion.  Beyond  this,  false  low  tire  warnings 
were  eliminated  by  the  end  of  the  test  program  and  the  basic  ability 
of  the  system  to  provide  a  low  tire  detection  capability  as  well  as 
an  accurate  weight  and  balance  measurement  was  demonstrated. 

The  key  question  is  what  low  tire  warning  threshold  is  desired  by 
the  airline  operator  versus  what  is  practical  with  the  errors 
inherent  in  such  a  system  with  the  aircraft  in  motion.  Statically 
the  system  can  resolve  tire  pressure  differences  as  low  as  5  psl. 
Dynmaioally  tire  underlnflatlon  of  50  psi  or  more  may  be  required  to 
eliminate  false  warnings.  To  summarize,  the  important  factors  in 
the  error  budget  for  this  system  are: 

1.  Runway  roughness  or  surface  unevenness  statically  and  during 
taxi. 

2.  Differential  inboard  outboard  gear  loads  due  to  gear  design. 
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3 •  Runway  crown. 

4.  Turning  and  side  load  rejection  capability 


5.  Tire  load  differences  due  to  differences  in  tire  diameters  and 
spring  rates. 

As  it  turns  out  the  differences  in  tire  diameters  may  be  the  single 
largest  error  effect  as  discussed  in  relation  to  the  "wheel  speed" 
system  in  Appendix  A.  The  effects  of  tire  differences  may  be 
eliminated  in  this  system  (where  they  cannot  be  in  the  wheel  speed 
system)  by  "zeroing"  the  weight  and  balance  system  after  a  tire 
change  or  after  all  tires  have  been  Inflated  equally.  This  would 
"build-in"  errors  due  to  ramp  unevenness  but  would  eliminate  the 
major  source  of  system  error.  Matching  tires  on  an  axle  would  also 
help  but  is  unacceptable  loglstically  for  many  airlines.  Although 
further  analysis  and  tests  are  needed  to  finalize  this  system 
practical  thresholds  can  be  achieved. 

To  save  maintenance  time  and  assure  flight  safety,  the  auto-zero 
routine  flight  mode  is  needed.  Transducers  have  to  be  zeroed  before 
any  accurate  readings  can  be  taken.  While  the  auto-zero  routine  for 
ground  mode  is  time  consuming,  the  flight  mode  is  beneficial. 

SUMMARY  OF  THE  FLIGHT  CREW  COMMENTS. 

Most  of  the  following  comments  have  been  discussed  in  the  text. 

1.  Couldn't  zero  the  system  in  flight  mode.  Aircraft  needs  to  be 
zeroed  by  Jacking  up. 

2.  Erratic  readings  on  panel  during  flight. 

3.  Flight  test  had  commented  that  "power"  switch  is  not  needed, 
actually  the  power  is  supposedly  on  at  all  times  with  the 
aircraft  power  on. 

4.  During  airborne,  when  tire  load  is  being  called  for,  the 
digital  display  will  Illuminate  with  the  error  code  "U04". 

5.  Transient  problem  did  exist  during  the  early  part  of  the  flight 
program.  However,  the  pullout  of  the  circuit  breaker  allows 
the  computer  to  recover  its  memory.  It  has  been  fixed  during 
the  second  phase  of  the  flight  program. 

6.  Flight  Test  commented  that  they  disliked  the  inability  to 
detect  the  second  tire  failure  on  the  same  axle.  It  is  not 
detectable  if  both  tires  go  flat  at  the  same  time. 


7*  Lights  are  not  legible  during  sunlight.  One  can't  tell  whether 
the  system  is  on  or  off. 

8.  After  the  modification  of  the  computer  programs,  the  display 
gives  out  good  data  statically.  However,  once  the  airplane  is 
moving,  erratic  numbers  are  still  displayed. 

9.  Lamp  test  should  be  combined  with  system  test. 

1C.  If  failure  occurs,  light  should  latch  on  but  still  should  be 
able  to  read  other  tire  load. 

11.  Sometimes  the  system  stays  in  flight  mode  "U04"  after  landing. 
Then  it  stays  until  another  landing  before  the  readings  are 
being  displayed  again. 

12.  Excursions  are  less  during  landing  roll  than  during  taxi. 

13.  No  information  on  increasing  tire  pressure. 

14.  Braking  Influences  loads,  it  appears  to  throw  all  pressure  on 
forward  wheels,  such  as  getting  170  and  160  on  forward  wheels 
while  this  does  not  happen  in  actuality. 

15.  Prom  the  tire  deflating  test  data,  the  flat  light  did  not  come 
on  quick  enough.  It  either  takes  a  longer  time  to  come  on  or 
it  is  not  sensitive  enough  to  detect  a  flat  tire  at  62.5$.  The 
test  data  showed  that  the  flat  light  comes  on  at  49$. 

16.  During  the  RTO  test,  there  were  3  tires  which  went  flat,  only 
W1  and  W3  were  Indicating  flat,  W2  did  not  give  out  the  flat 
signal.  It  showed  only  two  flats  out  of  three  at  any  one  time. 
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m  IlBfi  PETECTIQM  YIA  tfLE  TILT  (Weight  aad  Balanag  SYatm) 

SXSTEM  PESCBIPTIQM 

This  weight  and  balance  and  low  tire  detection  system  is  designed  to 
compute  an  airplane's  gross  weight,  center  of  gravity  location,  and 
to  detect  low  tire  pressure  on  the  main  or  center  landing  gears. 
The  system  sensors  are  special  closed  loop  servo  Inclinometers 
(servo  accelerometer).  These  sensors  measure  the  indication  of  the 
landing  gear  bogle  beams  and  the  center  and  nose  gear  axles.  The 
weight  on  each  gear  is  determined  by  measuring  the  inclination  which 
is  due  to  bending  of  the  axles  and  beams.  The  center  of  gravity  is 
determined  from  the  weight  distribution.  Low  tire  pressure  is 
determined  by  sensing  the  inclination  of  the  beam  or  axle  which  is 
due  to  non-uniform  loading  on  the  tires. 

Detection  of  low  tire  pressure  on  the  center  gear  Is  accomplished  by 
sensing  the  inclination  of  the  center  gear  axle.  This  Inclination 
is  a  measure  of  the  relative  tire  pressure  on  the  two  tires.  The 
outputs  of  two  axle  mounted  inclinometers  which  are  oriented  in 
opposite  directions  at  the  ends  of  the  axle  are  subtracted,  one  from 
the  other.  This  difference  is  a  measure  of  the  tilt  of  the  axle. 
On  a  level  runway,  even  tire  pressure  distribution  between  the  two 
center  gear  tires  will,  theoretically  result  in  a  zero  degree  tilt 
of  the  center  gear  axle. 

Similar  in  principle  to  the  center  gear,  the  main  gear  tire's 
pressure  distribution  can  also  be  detected.  Ten  inclinometers  were 
used  to  test  the  feasibility  of  the  system.  The  location  and 
orientation  of  the  ten  sensors  is  shown  in  Figure  30.  A  cockpit 
display  was  not  used  as  the  data  was  simply  recorded  on  an 
oscillograph  and  FM  tape  for  the  preliminary  evaluation. 

An  important  feature  of  the  weight  and  balance  and  tire  pressure 
system  is  its  automatic  zeroing  capability.  The  sensor  outputs  for 
zero  weight  are  determined  so  that  sensor  misalignment  and  bias 
effects  can  be  eliminated  during  airplane  weighing.  The  procedure 
for  automatic  zeroing  is  to  filter  sensor  outputs  during  approach 
conditions  and  sense  the  DC  levels  of  the  sensors.  This  concept  was 
successfully  tested. 

LABQMIQRX  TEST  BESVUIS 

Laboratory  tests  were  conducted  but  the  results  were  not  significant 
enough  to  report. 

INSTALLATION  PROCEDURE 

The  Inclinometers  were  modified  to  achieve  a  suitable  scale  factcs* 
(10  volts  per  g).  The  sensors  were  then  attached  to  the  mounting 
and  electrical  connectors  were  attached  so  that  the  sensor  signals 
could  be  routed  to  the  airplane's  cabin.  The  installation  only 
consumed  1/2  manhour.  Typical  accelerometer  installations  are  shown 
in  Figures  31  to  33. 
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.  FLIGHT  TEST  RESULTS 

The  servo  inclinoDeter  sensor  system  was  tested  for  both  static  and 
dynanic  (aircraft  In  motion)  ability  to  detect  underinflated  tires. 
Low  tire  pressure  test  results  are  shown  In  Figures  34,  35,  36,  and 
37. 

The  following  tires  were  deflated  with  the  aircraft  at  rest.  In 
steps  one  at  a  time:  center  gear  left  tire,  left  main  gear  Inboard 
forward  tire.  Dynamic  results  ae  shown  In  Figures  38  and  39. 

Runway  tilt  and  sensor  misalignment  will  cause  a  non-zero  reading. 
Runway  tilt  can  be  determined  by  combining  the  outputs  of  other 
inclinometers.  Figure  34  shows  that  with  the  tires  evenly 
pressurized  an  0.7°  tilt  resulted.  This  angle  is  due  to  runway  tilt 
and  sensor  misalignment.  Each  of  these  are  detectable.  Therefore 
low  tire  pressure  can  be  determined  by  sensing  the  axle  tilt  angle, 
premeasuring  the  misalignment  and  sensing  runway  tilt.  With  this 
information  and  the  characteristics  curve  shown  in  Figure  34  the 
relative  tire  pressure  between  the  two  center  gear  tires  can  be 
determined. 

Each  main  gear  has  a  bogie  beam  which  supports  two  axles  and  four 
tires.  Relative  tire  loading  between  the  front  pair  and  the  rear 
pair  can  be  determined  by  the  bogle  beam  tilt.  In  order  to 
detennine  which  of  the  front  tires  or  which  of  the  rear  tires  are 
low,  a  lateral  mounted  inclinometer  measures  the  twist  of  the  beam 
in  the  area  of  the  axle. 

Figure  35  shows  that  a  low  tire  on  the  front  or  rear  of  the  gear 
will  cause  the  bogle  to  tilt  forward  or  aft.  This  figure  shows  the 
bogle  angle  for  both  a  forward  tire  and  a  rear  tire  being  deflated, 
in  steps,  one  at  a  time.  The  other  three  tires,  in  each  case  are  at 
the  nominal  200  psl. 

Once  the  tire  pressure  distribution  between  front  and  rear  tires  is 
determined  as  shown  in  Figure  35,  the  distribution  between  left  and 
right  tires  on  the  front  or  rear  is  measured  by  sensing  the 
torsional  twist  angle  on  the  bogle  beam  due  to  left  and  right 
relative  distribution.  Figure  36  shows  this  relationship.  An 
Initial  angle  due  to  installation  (about  1  existed  when  the  tire 
distribution  was  even.  The  inboard  rear  tire  is  deflated  and  a 
lateral  inclinometer  mounted  near  the  rear  tires  on  the  bogle  beam 
senses  the  twist  of  the  beam,  as  shown  In  Figure  36.  This  twist 
angle  Is  small,  less  than  0.5*’  for  the  tire  pressure  range  explored. 
The  angle  detected  by  this  rear  mounted  inclinometer  was  even 
smaller  when  the  forward  tire  was  deflated.  (See  Table  VI  for  data.) 
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Nose  wheel  low  tire  pressure  detection  does  not  appear  to  be 
feasible  unless  the  Inollnoaeter  readings  oan  be  corrected  for  nose 
wheel  turn  angle.  The  problem  Is  that  a  non-zero  turn  angle  on  the 
nose  wheel  will  cause  a  non-zero  axle  angle.  A  non-zero  axle  angle 
Is,  however,  the  same  symptom  used  for  low  tire  pressure  detection. 
Therefore,  unless  turn  angle  Is  known,  a  low  tire  cannot  be  detected. 

Figure  37  shows  the  results  of  low  tire  pressure  on  nose  wheel  axle 
tut  angle.  As  the  tire  pressure  In  the  left  tire  Is  reduced  to 
about  2.^%  the  axle  tilts  over  2  degrees. 

Figures  38  and  39  show  main  gear  low  tire  pressure  detection  results 
of  the  airplane  in  the  first  part  of  the  takeoff  roll.  Each  figure 
shows  one  40  second  segment  of  the  takeoff  roll  with  and  without  a  1 
rad/sec  second  order  digital  filter  applied.  During  the  first  12 
seconds,  the  airplane  is  at  rest.  The  remaining  28  seconds  show  the 
airplane  accelerating  to  0.3  g's.  Figure  38  displays  the  results  of 
subtracting  sensor  number  three  from  number  one.  The  result  is  then 
the  left  bogie  beam  angle  effect  minus  two  times  the  airplane’s 
acceleration,  or  about  -0.6  g's. 

The  main  gear's  bogle  beam  will  tilt  about  1 .50  if  a  tire  is  blown. 
The  g  effect  of  this  tilt  angle  is  about  0.026  g's.  Since  this 
number  is  small  in  comparison  to  the  accelerations  shown  in  Figure 
38  another  concept  was  explored.  The  angles  on  the  left  and  right 
bogle  beams  were  compared  by  subtracting  one  from  the  other. 

Figure  39  shows  the  results  of  this  comparison  during  the  same  40 
second  segment  as  Figure  38.  It  was  hoped  that  the  beams  would  be 
at  the  same  angle  so  that  the  filtered  output  would  remain  at  zero. 
If  this  were  the  case,  then  a  blown  tire  on  one  beam  would  cause  a 
variation  which  would  be  detectable.  However,  Figure  39  indicated 
that  the  beams  may  be  varylg  In  tilt  angle.  This  variation  is  a  low 
frequency  phenomenon  which  raises  questions  as  to  whether  the 
variation  in  angle  is  real  or  if  perhaps  the  recording/filtering 
techniques  were  not  precise.  The  plot  Indicates  that  the  beam 
angles  vary  by  as  much  as  with  all  tires  fully  pressurized. 
Further  testing  is  therefore  required  to  determine  whether  low  tire 
detection  is  feasible  with  the  aircraft  in  motion. 

Although  a  very  small  tilt  angle  can  be  detected  axle  tilt  is  a 
relatively  insensitive  measure  of  the  pressure.  Table  VI  shows  that 
a  drop  from  165  psl  to  50  psi,  or  change  of  O.80  is  obtained.  If 
the  low  tire  pressure  threshold  is  set  at  130  psi,  then  a  change  of 
0.20  is  obtained.  This  angle  change  is  obviously  quite  small. 
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Tilt  angle  versus  tire  pressure  Is  shown  on  Table  VII  and  Table  VIII 
for  left  main  gear  and  nose  gear  respectively.  Agaln«  the  tilt 
angle  is  very  ssiall. 


PROBLEMS  ENCQOIITEREO/BESQLDTIQNS 

During  initial  installation,  two  Incllnoaeters  were  damaged  during 
ground  handling  prior  to  installation.  Another  inclinometer  was 
damaged  after  Installation  during  a  tire  change.  Airplane  data  was 
virtually  all  obtained  statically.  No  usable  dynamic  data  was 
obtained.  Despite  relative  insensitivity,  the  system  produced  good 
results  statically.  Either  the  system  will  have  to  be  limited  to  a 
static  check  of  tire  condition  while  stopped  at  the  end  of  the 
runway  or  better  means  will  have  to  be  developed  to  detect  the  very 
small  tilt  angles  in  the  large  accelerations  detected  dynamically. 
Further,  this  system  is  affected  by  the  same  error  budget  as 
discussed  in  the  "problems  encountered"  section  for  system  3  (the 
other  weight  and  balance  system  approach  which  uses  bogie  shear 
Instead  of  axle  tilt). 

To  resolve  the  problem  of  damaged  inclinometers,  the  basic  sensors 
used  in  the  Inclinometer  must  be  packaged  to  survive  the 
environment,  especially  vibration  and  handling.  Also,  the  axle 
mounts  must  be  designed  to  reduce  movement  of  the  moment  while  in 
service. 


TABLE  VI 

CENTER  GEAR  LOW  TIRE  PRESSURE 


LER  TIRE  PRESSURE  (P.S.I.)  CENTER  AXLE  ANGLE  (DEG) 


165 

0.7127 

150 

0.8091 

98 

1.0198 

52 

1.5194 

TABLE  VII 

LEFT  MAIN  6EAR  TIRE  PRESSURE 


INBOARD  FORWARD  TIRE 
PRESSURE  (P.S.I.) 

200 

151 

96 

50 

200 

200 

200 

200 

200 


INBOARD  REAR  TIRE 
PRESSURE  (P.S.I.) 

200 

200 

200 

200 

200 

154 

125 

101 

50 


BOGIE  PITCH  ANGLE 
(DEG.) 

0.1960 
0.4105 
0.8846 
1.5731 
0.1960 
-0.2216 
-0.3626 
-0.7123 
-1.3838 


TABLE  VIII 

NOSE  GEAR  LOW  TIRE  PRESSURE 


LER  TIRE  PRESSURE  (P.S.I.) 

190 

150 

106 

lid 


AXLE  TILT  ANGIE  (DEG.) 

-0.06 

0.29 

0.93 
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FLIOHT  TEST  EVALUATION  OF  AIRBORNE  TIRE  PRESSURE  INOICATINO  SYS— ETC(U) 
SEP  79  R  R  suiter*  H  W  KMONO  DOT-FA77MA-4070 


This  prototype  configuration  tire  pressure  indicating  system  is  a 
go/no-go  type  system  which  employs  an  automotive  application 
concept.  Tire  pressure  is  sensed  as  being  above  or  below  a  140  ±.  10 
psi  threshold  by  a  pressure  activated  electrical  switch  which  is 
mounted  on  the  wheel.  The  information  is  passed  through  the  wheel 
unit  sensor  mounted  on  the  wheel  heat  shield,  then  into  the 
stationary  electronic  module  mounted  on  the  brake  housing.  The 
signal  is  received  once  every  wheel  revolution.  The  pressure  switch 
has  been  designed  to  operate  so  as  to  close  the  coll  circuit  at 
pressures  above  140  psi  and  to  open  the  coll  circuit  below  140  psi. 

Tire  pressure  detection  is  functional  only  when  the  aircraft  is 
moving  at  ground  speeds  greater  than  3  knots.  In  the  prototype 
configuration  it  was  necessary  to  "clear”  the  display  by  pressing 
the  reset  button  when  the  aircraft  taxi  speed  is  above  3  knots. 
Otherwise,  the  system  produced  erroneous  indications. 

System  Components  are  aa  follows; 

1.  Mheel  Unit  Assembly 

This  assembly  consists  of  a  pressure  switch  and  coll 
subassembly  interconnected  by  a  three>wire  shielded  cable.  The 
pressure  switch  has  been  designed  to  operate  at  140  jt.  10  psi  so 
as  to  close  the  coil  circuit  at  pressures  above  140  psi  and  to 
open  the  coll  circuit  below  140  psi. 

The  pressure  switch  is  installed  in  place  of  a  fusible  plug  on 
the  wheel.  The  switch  contains  an  integral  Sohraeder  valve 
which  functions  to  prevent  pressure  loss  in  the  event  that  the 
pressure  switch  body  is  broken  off  for  any  reason. 

The  coll  subassembly  is  mounted  to  the  wheel  rim  with  a  bracket. 

2.  atationarv  Electronic  Module 

This  module  contains  oscillator  and  amplifier  electronics  and 
two  sensing  colls  mounted  in  close  proximity.  Electrical  power 
is  supplied  through  an  electrical  connector.  The  oscillator 
oscillates  when  the  coll  contained  in  the  wheel  unit  assembly 
is  aligned  with  the  colls  contained  in  the  Stationary 
Electronic  Module.  The  momentary  oscillation  (burst)  causes 
the  output  of  the  amplifier  to  go  to  a  logic  ”1".  This  signal 
is  supplied  through  the  connector  to  the  control  box. 

The  Stationary  Electronic  Module  is  mounted  on  a  bracket  which 
is  mounted  under  two  brake  tie  bolts. 
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3.  Control  Box  blv 

This  assembly  contains  the  eleotronlo  circuitry  required  to 
process  the  tire  pressure  status  signals  from  the  left  main 
landing  gear  wheels.  Additional  electronics  control  the 
cockpit  display.  The  electronics  are  contained  on  two  circuit 
cards  contained  within  a  LONG  3/8  ATR  case.  The  front  panel  of 
the  control  box  contains  9  status  lights. 

it.  Monitor  Control  Aeeeahlv 

The  Monitor  Control  Assembly  is  the  cockpit  display  module 
shown  and  dlagramatically  in  Figure  40.  This  module  contains 
five  (5)  lighted  (amber)  pushbutton  switches  and  two  (2) 
non-lllumlnated  pushbutton  switches  on  an  illuminated  front 
panel . 

Concept  of  Operation 

Mounted  to  the  brake  tie  bolts  in  close  proximity  to  the  wheel  rim 
is  the  Stationary  Electronic  Module.  It  contains  a  special 
electronic  oscillator  and  amplifier.  The  electronic  oscillator 
contains  two  (2)  colls  in  close  proximity  but  which  require  mutual 
coupling  to  oscillate.  The  mutual  coupling  is  provided  by  the  wheel 
mounted  coil  circuit  when  wheel  rotation  results  in  the  rotating 
coll  being  aligned  with  the  coils  in  the  Stationary  Electronic 
Module  (SEM).  During  the  period  of  alignment,  the  oscillator 
operates  and  causes  the  amplifier  in  the  SEM  to  provide  a  logic  "1" 
signal  indicative  of  acceptable  tire  pressure.  If  a  tire  pressure 
should  fall  below  140  ±.  10  psi,  the  pressure  switch  opens  the 
rotating  coil  circuit  which  cancels  the  mutual  coupling  for  the 
stationary  colls  regardless  of  wheel  position.  Hence  oscillator 
opratlon  is  not  possible  and  the  amplifier  output  goes  to  a  logic 
"0". 


System  Operation 

The  "interim”  configuration  TPI  system  described  herein  provided 
reliable  tire  pressure  status  only  when  the  aircraft  is  taxiing  at 
ground  speeds  above  3  knots.  Below  this  sped,  erroneous  indications 
will  result  on  the  cockpit  display  monitor  due  to  the  interim  nature 
of  the  design.  Therefore,  the  display  must  be  "cleared"  by  pressing 
the  RESET  button  on  the  front  panel  of  the  cockpit  monitor  when 
aircraft  taxi  speed  is  above  3  knots.  During  taxi,  a  logic  signal 
is  achieved  from  each  of  four  wheels  signifying  tire  pressure  status 
above  or  below  140  psi.  These  signals  are  examined  for  validity  by 
electronic  logic  which  in  turn  drives  a  cockpit  display  to  provide 
go-no-go  tire  pressure  status  to  the  flight  crew.  If  tire  pressure 
of  the  left  main  landing  gear  wheels  is  above  the  140  psi  warning 
threshold,  left-hand  pushbuttons  IF,  1R,  2F,  and  2R  will  illuminate 
as  a  PASS  indication.  FAIL  light  is  OFF.  If  a  tire  pressure  falls 
below  140  psi,  the  corresponding  PASS  light  goes  out  and  the  FAIL 
light  illuminates. 
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TIRE  PRESSURE 
MONITORING  SYSTEM 


W.U.  =  WHEEL  UNIT 

S. E.M.  =  STATIONARY  ELECTRONIC  MODULE 

T. P.M.S.  =1  TIRE  PRESSURE  MONITORING  SYSTEM 

, .  FIGURE  40 

GO-NO-GO  LOW  TIRE  PRESSURE  SYSTEM  SCHEMATIC 


Laap  logic  on  the  Control  Box  front  panel  ia  reveraed.  Laapa  IP 
through  4R  indloate  wheel  position  and  lllualnate  to  indioate  a  PAIL 
oondltion  rather  than  a  PASS  condition.  If  any  wheel  loses 
pressursi  the  oorresponding  FAIL  laap  goes  ON  and  the  PASS  laap  goes 
OFF. 

LABORATORY  TEST  RESULTS 

Dynaaoaeter  test  runs  were  performed  under  different  conditions  as 
shown  in  Table  IX.  With  the  threshold  low  light  set  at  140  psi,  the 
wheel  was  rolling  at  a  particular  speed  with  air  being  bled  off  from 
the  tire.  While  continuing  to  bleed  the  air.  the  fail  light  on  the 
tire  pressure  monitor  system  was  checked  and  recorded.  The  fall 
light  did  come  on  consistently  within  a  r^u)ge  of  ±.  7  psl.  about  4.5K 
deviation.  From  the  test  results,  the  system  did  perform  with 
considerable  acciu'acy. 

INSTALLATION  OF  THE  GO-MQ-GO  SYSTEM 

The  Installation  on  one  gear  of  the  DC- 10  test  aircraft  was  simple 
and  consumed  perhaps  one  manhour.  Wheel  hardware  consists  of 
pressure  switch  and  mounting  adapter  Installed  at  a  fuse  plug  port. 
With  the  wheel  sensor  mounted  on  wheel  heat  shield,  It  revolved  with 
the  wheel  rotation  and  picked  up  the  tire  pressure  signal  from  the 
pressure  switch.  Two  twisted,  shielded  wires  were  required  from 
brake  mounted  module  to  the  center  accessory  compartment  control 
box.  In  addition,  the  cockpit  control  unit  was  mounted  in  the 
flight  engineer's  station.  Wires  were  brought  from  the  control  box 
to  the  cockpit  control  unit. 


Ctefitovit 

With  the  installation  completed,  a  verification  of  the  system  was 
done  statically  on  the  ground  with  the  airplane  Jacked  up.  All  four 
tires  on  the  left  hand  bogie  were  individually  deflated  below  140 
psi  (the  pressure  at  which  the  system  was  assigned  to  indloate  a 
failure).  The  tires  were  then  turned  at  a  rate  to  simulate  the 
aircraft  moving  at  speed  greater  than  3  knots.  This  is  because  the 
tire  pressure  detection  is  functional  only  when  the  aircraft  is 
moving  greater  than  3  knots.  Initially,  the  gap  setting  was  not 
close  enough  to  generate  a  signal.  Thus’ nothing  was  displayed  in 
the  cockpit  control  unit.  The  gap  was  then  made  smaller  such  that  a 
signal  was  obtained. 


RUN 

BRAKE 

CONDITION 

LANDING 

SPEED 

(M.P.H.) 

UNLAND 

SPEED 

(M.P.H.) 

STARTING 
TIRE  PRESSURE 
(P.S.I.) 

FAIL  LIGHT 
TIRE  PRESSURE 
(P.S.I.) 

1 

NO  WATER 

220 

35.8/COAST 

156.0 

140.0 

2 

NO  WATER 

25 

0 

- 

- 

3 

WATER 

220 

60/COAST 

179.4 

* 

4 

WATER 

220 

180/COAST 

156.8 

138.5 

5 

WATER 

220 

200/C0AST 

156.0 

140.2 

6 

WATER 

220 

200/C0AST 

156.0 

140.2 

7 

WATER 

220 

200/C0AST 

154.4 

138.7 

8 

WATER 

220 

200/C0AST 

151.3 

137.0 

9 

WATER 

220 

200/C0AST 

156.0 

141.8 

10 

WATER 

220 

200/C0AST 

152.9 

137.1 

11 

WATER 

220 

200/C0AST 

156.0 

140.2 

12 

WATER 

220 

200/C0AST 

151.2 

133.7 

*  WHEEL  ROLL  TO  A  STOP  BEFORE  INFLATION  PRESSURE  WAS  LOW  ENOUGH  TO  HAVE 
THE  FAIL  LIGHT  COME  ON. 


TABLE  IX 

GO-NO-GO  LOW  TIRE  PRESSURE  SYSTEM  LABORATORY  RESULTS 
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After  the  gap  waa  readjuatedy  however,  wheel  #1  would  not  indicate  a 
failure  even  though  the  preaaure  waa  below  140  pal.  The  other  tlrea 
worked  properly.  Thia  oauaed  oonaiderable  oonfualon  until  It  waa 
dlaoovered  that  the  Electronic  Module  on  wheel  #1  waa  inoperative. 

Later,  to  avoid  Jacking  the  airplane  and  rotating  the  tlrea  to  check 
ayaten  operation,  met«d  platea  were  uaed  to  almulate  the  rotating 
target.  One  man  waa  placed  at  each  wheel  (4  men)  and  told  to 
rapidly  move  the  metal  plate  repeatedly  In  front  of  the  Stationary 
Electronic  Module.  This  provides  a  somewhat  more  satisfactory  means 
for  checkout. 

As  a  result  of  this  Installation  evaluation,  however,  it  was  clear 
that  this  go-no-go  system,  although  easy  to  Install,  was  difficult 
to  check  out  and  difficult  to  determine  if  it  was  working  properly. 
The  one  failure  encountered  was  passive  and  would  allow  a  valid  low 
tire  to  go  undetected. 

D.  FLIGHT  TEST  RESULTS 

The  system  was  mounted  on  the  left  hand  main  landing  gear  and  was  on 
the  aircraft  for  5  flights  with  various  flight  conditions 
encountered,  such  as  taxi,  takeoff,  touch  and  go,  landing,  etc. 
During  the  test  program,  the  tire  pressures  were  adjusted  dally  to 
175  (‘fO,  -5)  psi.  Numerous  fail  lights  were  observed  during  taxi 
due  to  starts  and  stops.  While  retracting  the  gear  after  takeoff, 
the  fall  light  would  Illuminate  due  to  wheel  spin-down  and 
subsequently  the  fall  light  would  have  to  be  reset.  Random  failures 
were  observed  below  25  knots  on  all  wheels  at  one  time  or  another, 
worse  at  lower  speeds,  that  is,  below  10  knots.  Tire  pressure 
failure  was  indicated  on  all  tires  during  antiskid  cycling  on 
landing.  During  RTO  test,  three  of  the  tires  on  the  left  hand  main 
gear  deflated  due  to  blown  fuse  plugs  and  had  to  be  removed  from  the 
aircraft.  No  damage  to  the  hardware  was  found  after  the  heavy 
braking  run.  As  modifications  were  required  for  the  system  and 
because  of  the  aircraft  schedule,  evaluation  of  the  tire  pressure 
system  was  discontinued.  This  system  was  later  modified  for  further 
testings  but  the  flight  test  program  ended  before  a  retest  oould  be 
accomplished. 
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V.  COMCLHSIOMS 

Over  twenty  cockpit  indicating  systen  concepts  were  evaluated  in  Part  I 
of  this  report  resulting  in  flight  testing  of  seven  different  cockpit 
tire  pressure  Indicating  systeas.  Three  concepts  were  intensively 
studied  and  three  others  evaluated  on  Douglas  DC-10  in-flight  test 
operations.  One  other  concept  has  been  taxi  tested  on  two  aircraft  by 
two  airlines.  The  tests  were  successful  in  demonstrating  the  feasibility 
of  cockpit  tire  pressure  indicating  systems  and  in  bringing  promising 
concepts  one  step  closer  to  workable  production  designs.  Airline  service 
testing  of  each  of  the  remaining  promising  concepts  should  be  completed 
before  Introduction  into  airline  operation.  In  each  case  this  service 
testing  is  planned  in  the  near  future  or  is  already  underway. 

Concept  1 

The  analog  pressure  via  axle  transformer  (Concept  D,  Part  I  Report) 
worked  quite  well  during  the  flight  test  program.  The  Installation  of 
the  hardware,  although  requiring  specific  modification  of  the  DC-10  axle 
hub  area  was  simple  and  straight-forward.  Analog  tire  pressure  data  was 
displayed  with  reasonable  accuracy  and  gave  the  flight  crew  confidence 
in  the  integrity  of  the  system.  Some  objection  was  made  to  the  three 
plus  second  pressure  update  time  required  by  this  system,  but  this  should 
not  be  considered  a  significant  drawback.  The  only  significant  system 
failure  occurred  in  a  pressure  transducer  (see  text)  which  should  be  made 
acceptably  remote  by  Improved  quality  control  by  the  transducer 
manufacturer. 

Concept  2a  and  b 

The  analog  presssure  via  signal  bearing  and  via  Inboard  wheel  coupler 
systems  supplied  by  one  manufacturer  were  not  successful  although  some 
usable  data  was  obtained  for  each  system.  Work  on  the  inboard  wheel 
coupler  system  has  been  discontinued.  The  signal  bearing  system  did 
appear  sufficiently  promising  that  the  manufacturer  has  continued 
laboratory  development  since  the  completion  of  the  flight  test  program. 
A  new  copper  on  carbon  journal  bearing  has  been  developed.  This  appears 
to  provide  good  direct  signal  coupling  while  meeting  the  design 
requirements  for  this  system.  The  concept  requires  a  somewhat  difficult 
electrical  connection  path  from  the  transducer  through  the  bub  cap  into 
the  coupler  and  axle.  It  does,  however,  avoid  wheel  mountd  electronics 
and  should  be  accurate. 

Concept  3 

The  percent  load  via  bogle/axle  strain  system  (weight  and  balance 
approach  -  Concept  0,  Part  I  Report)  proved  workable  after  the  system 
software  was  debugged  and  developed  to  oorreot  for  tire  loading  changes 
caused  by  aircraft  turning  and  sldeload  effects.  With  attention  to 
detail  software  design,  this  approaoh  can  provide  reliable  indication  of 
30  to  50f  underinflation  (see  text  on  error  budget  for  this  system). 
Hardware  was  well  built  and  trouble-free  and  the  system  did  provide 
accurate  aircraft  weight  measurement  (limited  in  this  test  to  one  main 
gear).  Usefulness  of  this  approaoh  as  a  weight  and  balance  system  adds 
to  its  cost-effectiveness. 
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Coiioapt  4 

The  low  tire  detection  vie  exle  tilt  (weight  end  balanoe  systea)  provided  very 
good  tracking  of  tire  preeaure  atatioally  (aircraft  at  rest),  with  the 
aircraft  In  motion  It  la  doubtful  that  the  very  small  axle  tilt  angles  (on  the 
order  of  1o)  can  provide  a  false  warning-free  Indication  of  even  significant 
tire  underlnf latlon.  If  a  tire  check  Is  done  with  the  aircraft  static  after 
taxi  prior  to  the  start  of  takeoff  roll  the  system  may  be  workable  as  a  tire 
indication  system.  With  the  servo  Inclinometers  properly  protected  against 
handling  damage,  the  ease  of  installation  of  the  transducers  and  the  concept's 
apparent  workability  as  a  weight  and  balance  system  should  make  it  viable. 

Concept  5 

The  go-no-go  discrete  pressure  system  did  not  work  satisfactorily  during  the 
test  program.  It  was  susceptible  to  false  warnings  and  passive  (undetected) 
failures  that  would  cause  a  low  tire  to  be  missed.  The  test  program  ended 
before  these  problems  could  be  addressed  and  fixed.  As  the  ability  of  this 
type  of  system  to  meet  the  most  important  design  criteria  for  TPI  systems  was 
questioned,  further  test  and  development  of  this  system  has  been  discontinued. 

Concept  6 

The  wheel  speed  monitoring  system  (seventh  system  type  to  be  tested)  (Concept 
N,  Part  I  Report)  has  been  successfully  tested  by  two  airlines.  The  system 
gave  repeatable  indications  of  25%  tire  underinflation  before  reaching  40  knots 
on  takeoff  roll  on  a  DC-9  and  B-727.  Although  the  tests  did  not  evaluate  worst 
case  tire  diameter  mismatches,  the  apparent  effective  operation,  ease  of 
installation,  and  low  cost  of  this  system  make  it  attractive. 

n«fi«ral  Sii—nv 

The  detailed  tradeoff  analysis  of  these  systems  from  an  operational, 
reliability,  weight  and  cost  standpoint  in  Part  I  of  this  report  is  still 
applicable.  Based  on  the  flight  tests  and  the  analysis  in  Part  I  the  following 
general  comments  may  be  made: 

Analog  Pressure  Approach 

The  analog  systems  are  inherently  most  capable  of  minimizing  false  failure 
warnings  and  undetected  (passive)  failures.  Flight  crews  that  have  used  the 
systems  reacted  favorably  to  display  of  actual  tire  pressure  and  had  confidence 
in  the  integrity  of  the  system.  The  systems  can  be-  used  as  an  indication  of 
tire  problem  in  *11  flight  conditions  and  can  (when  analog  display  is  provided) 
help  reduce  maintenance  costs  associated  with  the  now  frequent  tire  pressure 
checks.  The  systems  also  represent  the  highest  initial  cost  particularly  when 
considering  the  probable  need  to  mount  transducers  on  all  spare  wheels. 
Selection  of  options  such  as  one  and  two  light  displays  in  the  oookpit  in  lieu 
of  sophisticated  analog  display,  can  reduce  initial  cost.  It  can  also  be  well 
argued  that  the  combined  benefits  of  low  false  warning  rates  and  tire  pressure 
maintenance  cost  reductions  Justify  the  higher  initial  cost  when  oompared  to 
other  systems.  This  system  will  be  used  by  a  number  of  airlines  for  improved 
tire  maintenance  and  safety. 
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Weight  and  Balance  Approach 

The  weight  and  balance  ayatea  approach  aakea  aenae  frcm  a  coat«effectiveneaa 
atandpolnt  aa  the  ualng  airline  geta  two  valuable  funotlona  esaentially  for  the 
price  of  one.  The  coapllcation  of  tire  load  nonltcring  is  in  software,  not 
hardware.  Tire  load,  monitoring  accuracy  is  limited  by  the  number  of 
additional  variables  these  ayatema  muat  take  into  account.  They  are  further 
limited  in  that  they  are  only  uaeful  with  the  aircraft  on  the  ground  (although 
this  is  certainly  the  moat  important  time).  The  systems  have  difficulty  with 
load  dynamics  with  the  aircraft  in  motion  but  at  least  one  system  has  shown 
that  this  can  be  solved.  The  weight  and  balance  approach  will  be  attractive  to 
some  airlines  as  a  cost-effective  means  of  detecting  significantly  low  tires 
during  taxi  and  the  beginning  of  the  takeoff  roll. 

Wheel  Speed  Approach 

By  utilizing  existing  antiskid  wheel  speed  transducers  this  sytan  is  certainly 
the  least  expensive  and  easiest  to  install  of  the  low  tire  sensing  systems.  By 
the  nature  of  the  design  it  is  prone  to  both  false  warnings  and  passive 
failures.  Passive  failure  may  be  partially  detected  by  observing  proper  light 
indications  during  taxi  turns.  By  reliable  and  simple  circuit  design,  returns 
tc  gate  due  to  system  failures  may  be  kept  to  an  acceptably  low  level.  If  an 
airline  uses  one  brand  of  tire,  false  warnings  due  to  differences  in  tire 
diameters  should  not  be  a  problem.  Further  tests  are  required  to  determine  if 
significantly  mismatched  tires  from  different  manufacturers  can  also  be 
tolerated  by  this  system.  These  questions  will  be  answered  by  tests  already  in 
progress  or  planned  for  the  near  future.  The  simplicity  of  this  approach  will 
then  make  it  attractive  to  a  niunber  of  airlines. 

Planned  Development  and  Service  Tests 

An  airline  with  operational  experience  that  Justifies  the  utilization  of  a 
cockpit  tire  pressure  indicating  system  has  a  number  of  system  types  to  choose 
from.  The  choice  will  vary  betweot  airlines  depending  on  particular  experience 
and  objectives  or  requirements  for  such  systems.  Before  any  system  is  finally 
selected  by  an  airline  it  is  strongly  recommended  that  the  following  planned 
service  and  development  tests  be  completed: 

Concept  1  Analog  pressure  via  axle  transformer 

Service  tests  are  planned  to  start  early  in  1980  on  two  DC-10 's  by  two 
different  airlines.  Flight  test  is  also  probable  on  the  B-747.  Nose  tire 
installation  has  not  yet  been  developed  and  tested  which  can  be 
accomplished  during  in-service  evaluation.  System  accuracy  must  be  proven 
in-service.  Unless  ±.5  to  6  psi  accuracy  can  be  shown  the  use  of  analog 
systems  in  tire  maintenance  programs  may  be  questioned. 

Concept  2  Analog  pressure  via  signal  bearing 

Service  test  of  this  system  is  planned  to  start  in  late  1979  conducted  by 
one  airline  on  a  DC-10.  Development  test  of  this  system  is  also  planned 
on  a  DC-9-80  during  flight  test.  These  tests  are  required  to  prove  the 
viability  and  accuracy  of  the  signal  bearing  system.  A  suitable  nose 
wheel  Installation  design  has  not  yet  been  completed  and  must  be  proven 
during  In-servloe  tests. 
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Concept  3  Percent  tire  load  via  bogle/axle  strain 

This  oonoept  Is  Installed  on  an  Liotl  for  oomplete  flight  test  evaluation. 
An  In-servloe  test  Is  being  negotiated  on  a  OC-10  subject  to  the 
coapletlon  of  the  ln>axle  transducer  mount  design  required  on  the  nose  and 
,  centerline  gear. 

Concept  A  Low  tire  detection  via  axle  tilt 

This  system  Is  being  lnst£d.led  on  a  DC-10  for  In-servloe  testing  beginning 
late  fall  1979. 

Concept  6  Wheel  Speed 

The  wheel  speed  system  Is  being  Installed  by  one  airline  on  ten  DC-9's  for 
a  complete  service  evaluation  beginning  fall  1979.  Other  Installations 
are  also  planned.  Douglas  will  conduct  a  complete  flight  test  analysis  of 
the  effective  change  In  rolling  radius  of  tires  on  a  DC-10  with  tires 
mismatched  In  size  and  manufacturer  as  well  as  Inflation  pressure.  These 
tests  may  be  conducted  as  early  as  fall  1979. 

At  the  completion  of  these  tests  the  systems  should  be  developed  sufficiently 
for  relatively  trouble-free  Introduction  into  edrllne  service. 


APPENDIX  A 


Airline  Test  of  Wheel  Speed  Sensing  System 
(Concept  N,  Part  I  Report) 

Douglas  personnel  participated  in  and  observed  taxi  tests  on  a  DC-9-30  aircraft 
which  had  a  prototype  wheel  speed  based  pressure  monitoring  system  installed 
specifically  for  the  scheduled  tests.  The  taxi  tests  were  conducted  on  May 
1979  by  a  U.S.  airline. 


Test  Installation  and  Operation 

The  test  installation  consisted  of  one  tire  pressure  monitor  control  unit,  one 
auxiliary  test  box,  one  battery  operated  dual  channel  brush  recorder,  one 
battery  operated  oscilloscope,  one  pilot's  red  alara  light,  and  the  test  wire 
harness.  The  control  unit,  auxiliary  test  box,  brush  recorder,  and 
oscilloscope  were  placed  on  an  existing  table  in  the  forward  cabin.  The 
bracket  containing  the  pilot's  red  alarm  light  was  clamped  to  the  underside  of 
the  glareshleld  just  to  the  right  of  the  captain.  The  auxiliary  test  box  has  a 
magnetically  held  "power  on"  switch,  a  "power  on"  light,  and  a  red  "tire 
pressure  low"  indicator  light  which  paralleled  the  captain's  red  indicator 
light.  The  wire  harness  picked  up  antiskid  transducer  output  signals  and  28 
VDC  antiskid  system  control  power.  The  transducer  high-low  signal  wiring  was 
twisted  and  shielded  with  the  shields  tied  together  and  grounded  at  the 
terminal  block  and  floating  at  the  connector  which  is  Installed  in  the  control 
unit.  A  dual  trace  "Brush"  recorder  displayed  and  recorded  the  difference  in 
paired  wheel  speeds  and  aircraft  speed  in  knots  (based  on  transducer  frequency). 

The  operating  principle  is  based  on  ccxnparing  the  frequency  of  the  square  wave 
outputs  of  the  antiskid  wheel  speed  transducers.  The  rolling  radius  of  tires 
(wheel  speed)  vary  with  inflation  pressure.  In  this  test,  the  two  outboard 
wheels  (#1  and  #4)  are  compared  and  the  two  Inboard  wheels  (#2  and  #3)  are 
compared.  The  system  is  designed  to  turn  itself  off  when  aircraft  speed 
reaches  approximately  50  knots  by  releasing  the  magnetically  held  pushbutton. 
In  addition,  testing  the  antiskid  system  automatically  tests  the  tire  pressure 
monitor  system. 

System  Evaluation  -  Taxi  Test 

The  aircraft  was  equipped  with  the  following  four  B.F.  Goodrich  tires  which 
were  Inflated  to  165  psi.  The  measurement  of  the  vernier  height  readings  from 
pavement  to  inner  surface  of  the  wheel  rim  was  recorded. 


o  Tire  #1 

o  Tire  #2 

o  Tire  #3 

o  Tire  #4 


New  retread,  R9>  Measured  height  was  10.104  in. 

Worn  -  replacement  condition,  R2.  Tread  depth  <  1/32  in. 
Measured  height  was  9.702  in. 

Approximately  50$  worn,  R1 .  Traced  depth  9/64  in.  Measured 
height  was  9.857  in. 

Approximately  80S  worn,  R2.  Tread  depth  3/32  in.  Measured 
height  was  10.052  in. 
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Taxi  Taat  «i  (0}  Underlnf latlon) 

Aircraft  taxied  In  a  straight  line  and  the  "Brush”  recorder  trace  verified 
Number  1  and  4  wheel  speed  were  equal  with  trace  In  center  of  paper.  Aircraft 
speed  trace  also  Indicated  aircraft  speed  In  knots.  When  the  aircraft  was 
making  hard  turns  of  approximately  30  degrees  or  more,  the  "tire  pressure  low” 
light  came  on  and  remained  on.  This  Is  a  form  of  self-test  that  verifies  the 
system  Is  operating.  The  aircraft  was  lined  up  on  the  runway  for  a  simulated 
takeoff,  brakes  were  released  and  takeoff  power  applied.  The  "tire  pressure 
low”  light  came  on  momentarily  at  power  application.  The  differential  speed 
trace  on  the  Brush  recorder  spiked  momentarily  to  full  scale  differential  speed 
and  returned  to  the  zero  differential  (the  center  scale).  At  46  knots,  no 
further  light  Indication  displayed  and  the  system  turned  Itself  off. 
(Magnetically  held  pushbutton  released  and  "power  on"  light  went  out.)  Takeoff 
run  was  aborted.  When  aircraft  speed  was  somewhere  below  the  46  knots  disarm 
speed,  the  "power  on”  pushbutton  was  depressed  and  the  system  activated  for  the 
taxi  back  to  the  maintenance  ramp  area.  When  the  aircraft  was  braked  to  a 
stop,  the  "tire  pressure  low"  light  again  came  on  momentarily.  The 
differential  speed  trace  on  the  Brush  recorder  again  spiked  momentarily  to  full 
scale  differential  speed  and  returned  to  zero.  All  data  are  shown  In  Table  A-1. 

Taxi  Test  A2  (13.5$  Underinflation) 

After  the  first  taxi  test,  tire  pressure  Increased  as  given  In  Table  A-1.  With 
test  #2,  proceeded  immediately  after  test  #1,  tire  pressures  remained  the  same 
as  It  was  Just  measured  after  test  #1  with  the  exception  of  tire  number  1.  The 
pressure  of  that  particular  tire  was  being  reduced  to  160  psi  which  made  tire 
#1  to  be  13 *5$  underinflated  as  compared  to  tire  #4.  Taxiing  and  takeoff  run 
was  conducted  similar  to  the  first  test.  Indications  appeared  the  same  as  In 
the  first  test  Including  automatic  turn-off  at  46  knots.  There  was  no 
Indication  of  a  low  tire  when  aircraft  was  taxiing  In  a  straight  line  or  In 
the  simulated  takeoff  run.  All  data  are  shown  In  Table  A-1. 

Taxi  Teat  (25*6$  Underinflation) 

Tire  #1  pressure  was  reduced  to  145  psl  and  all  other  tires  were  left  at 
measures  Just  measured.  This  pressure  reduction  created  a  25.6$ 
underlnflatlon.  Taxiing  and  takeoff  run  was  conducted  similar  to  test  #1  and 
all  Indications  appeared  as  In  test  #1  except  the  "tire  pressure  low"  light 
came  on  at  35  knots  during  the  simulated  takeoff  run  and  remained  on.  There 
were  no  brakes  applied  at  the  time  of  takeoff  power  application  during  this 
test  which  discounted  any  antiskid  or  brake  cycling  as  a  source  of  the 
continued  momentary  Illumination  of  the  "tire  pressure  low”  light  at  takeoff 
power  application  and  final  bredclng  stop.  All  data  are  shown  In  Table  A-1. 

Taxi  Test  «4  (26.8$  Underlnflatlon) 

Tire  #2  pressure  was  reduced  to  150  psi  and  all  other  tires  were  inflated  to 
205  psi.  A  26.8$  underlnflatlon  was  created  between  tire  #2  and  #3*  Taxiing 
and  takeoff  run  was  conducted  similar  to  test  #3  and  all  indications  appeared 
as  In  test  #3  Including  a  steady  Illumination  of  the  "tire  pressure  low"  light 
when  reaching  35  kncts.  Brakes  on  the  right  hand  gear  were  starting  to  smoke 
at  this  time.  All  data  are  shown  In  Table  A-1. 
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Taxi  Teat  «■;  (50|  Underlnflatlon) 


Tire  #1  preasure  was  reduced  to  110  psl  and  all  other  tires  Inflated  to  220 
psl.  Thus,  a  50f  underlnflatlon  was  created  between  tire  #1  and  #4.  At  15 
knots  after  taxiing  started,  the  *tlre  pressure  low"  light  came  on  and  remained 
on.  All  data  are  shown  in  Table  A-1. 


The  system  seemed  to  perform  satisfactorily  while  detecting  or  greater 
underlnflatlon.  The  "tire  pressure  low”  light  came  on  while  turning  which  was 
considered  by  the  airline  to  be  a  good  ”self>test”  feature.  Other  false 
warnings  encountered  at  the  stop,  although  not  resolved  at  the  time  of  test, 
should  be  able  to  be  eliminated.  (See  Part  1  Report  for  discussion  of  this 
system  from  false  warning  standpoint.) 

The  key  concern  about  this  system  (discussed  In  detail  in  Appendix  B)  Is 
possible  false  warnings  due  to  "normal”  variations  In  tire  rolling  radius.  All 
tires  used  in  this  test  were  of  relatively  nominal  dimensions  and  were  made  by 
one  tire  manufacturer.  A  test  with  worst  case  tire  dimensions  would  increase 
certainty  of  the  viability  of  the  system. 


TABLE  A- I 

WHEEL  SPEED  LOW  TIRE  DETECTOR  TEST 


PRIOR  TO  FIRST  RUN: 

1A. 

AFTER  FIRST  RUN: 

TIRE  NO. 

PRESSURE 

RADIUS 

TIRE  NO. 

PRESSURE 

RADIUS 

1 

165 

10.104 

1 

190 

9.824 

2 

165 

9.702 

2 

195 

-0- 

3 

165 

9.857 

3 

189 

10.080 

4 

165 

10.052 

4 

185 

9.983 

PRIOR  TO  2ND  RUN: 

2A. 

AFTER  2ND  RUN: 

TIRE  NO. 

PRESSURE 

RADIUS 

TIRE  NO. 

PRESSURE 

RADIUS 

1 

160 

9.670 

1 

175 

-0- 

2 

195 

-0- 

2 

208 

-0- 

3 

189 

10.080 

3 

200 

-0- 

4 

185 

9.983 

4 

195 

-0- 

PRIOR  TO 

3RD  RUN: 

3A. 

AFTER  3RD  RUN: 

TIRE  NO. 

PRESSURE 

RADIUS 

TIRE  NO. 

PRESSURE 

RADIUS 

1 

145 

9.651 

1 

150 

-0- 

2 

208 

9.885 

2 

210 

-0- 

3 

200 

-0- 

3 

205 

8.998 

4 

195 

-0- 

4 

205 

10.173 

PRIOR  TO  4TH  RUN: 

4A. 

AFTER  4TH 

RUN: 

TIRE  NO. 

PRESSURE 

RADIUS 

TIRE  NO. 

PRESSURE 

RADIUS 

1 

205 

9.655 

1 

215 

-0- 

2 

150 

9.875 

2 

165 

-0- 

3 

205 

-0- 

3 

220 

-0- 

4 

205 

-0- 

4 

218 

-0- 

PRIOR  TO 

5TH  RUN: 

5A. 

AFTER  5TH 

RUN: 

TIRE  NO. 

PRESSURE 

RADIUS 

TIRE  NO. 

PRESSURE 

RADIUS 

1 

no 

9.325 

1 

118 

-0- 

2 

220 

9.736 

2 

222 

-0- 

3 

220 

-0- 

3 

220 

-0- 

4 

220 

-0- 

4 

220 

-0- 

0-"  INDICATES  THAT  THE  VERNIER  HEIGHT  READINGS  WERE  NOT  OBSERVED. 
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Appendix  B 


Rolling  Radius  Coaparlson  as  pertaining  to 
Wbeel  Speed  Low  Tire  Deteotor  and  other 
Indlreot  aeans  of  Honltorlng  Tire  Pressure* 
i.e.  weight  and  balance  and  axle  tilt 

This  concept  detects  an  underinflated  tire  by  coaparing  the  rolling  speeds 
(antiskid  transducer  signal)  of  two  tires.  A  differential  speed  exceeding  a 
preset  threshold  is  Interpreted  as  resulting  froa  an  underinflated  tire  on  the 
faster  wheel.  To  avoid  false  wanting  signals,  the  threshold  differential  aust 
exceed  the  differential  speed  that  results  froa  variations  in  the  rolling 
radius  of  tires  inflated  to  noraal,  or  acceptable  pressures.  The  question 
addressed  here  is  what  is  the  noraal  variation  In  rolling  or  static  radius  with 
different  aanufacturers  or  different  tire  sizes. 

Unfortunately,  the  effective  rolling  radius  of  the  tire  Is  not  known.  This 
could  be  determined  by  making  simultaneous  measurements  of  airplane  ground 
speed  and  antiskid  transducer  output,  but  this  has  never  been  done.  The  actual 
effective  rolling  radius,  however,  is  of  no  significant  Importance  for  this 
study,  provided  that  the  relationship  between  It  and  the  static  loaded  radius 
Is  reasonably  uniform.  According  to  NASA  Report  TR-6A,  there  is  a  fairly 
constant  relationship  that  can  be  described  by 

Effective  Rolling  Radius  -  *2  ~  ^ 

and  6  =  ^ 

l  s 

Where  D  s  Outside  free  diameter  of  tire 

6  s  Vertloal  tire  deflection  for  pure  vertical  loading  conditions 
fs  s  Static  loaded  radius. 

So  we  are  concerned  with  the  static  loaded  radius  which  can  be  deterained. 

Let's  identify  the  wheel  positions  for  a  four  wheel  bogle,  two  wain  gear 
aircraft  as  follows: 


(1)  The  forward  and  aft  axles  are  equally  loaded.  For  unbraked  rolling*  this 
is  true  for  the  example  aircraft  except  for  the  bogie  trim  cylinder  load, 
which  can  be  a  few  hundred  pounds  in  either  direction,  and  friction  in  the 
Joints,  which  can  be  in  the  order  of  ±.  1,000  pounds. 

(2)  To  avoid  problems  due  to  runway  drainage  crown,  0  to  1.51  slope  (0  to  0.81 
inch  across  54  inches),  the  wheel  speed  will  be  compared  between  pairs  of 
wheels  as 

1- 5  3-7 

2- 6  4-8 

which  also  avoids  speed  differential  during  taxi  turns. 

(3)  Tire  characteristics  considered  here  are  adverse  but  do  not  Include  the 
most  extreme  conditions  that  might  occur. 

0  The  "normal"  tire  is  a  new  tire  with  O.D.  s  49.3  Inches  and  V  s 
19.1  inches. 

o  The  "large*  tire  is  made  to  maximum  new  tire  tolerances  50.0  X 
20.0  plus  2/3  of  T&RA  growth  minus  0.08  inch  of  tread  wear. 

O.D.  s  (51.2  -  0.16)  in. 

s  51.04  in. 

Radius  r  s  25.2  in. 

W  s  20.53  in. 

o  The  "small"  tire  is  made  to  minimum  new  tire  dimensions  plus 
0.50  in.  diameter  growth  minus  0.34  inch  of  tread  wear. 

O.D.  B  (49.50  -  0.68)  in. 

B  48.82  in. 

Radius  B  B  24.41  in. 

V  B  19.26  in. 

o  Gear  Deflection.  The  combination  of  axle  bending  plus  bogle 
be«B  torsion  results  in  an  effective  spring  rate  of  k  b  17.45  x 
10*6  inches  per  pound  of  differential  load  between  paired  wheels. 

o  Growth.  Consideration  of  2/3  of  T&RA  allowance. 

Width  B  2/3  X  0.04  x  20  b  0.53  in. 

Diameter  b  2/3  x  0.058  (50-20)  b  1.17  in. 


o  Tread  Wear.  Groove  deptb  on  new  tire  ia  0.34,  but  these  tires 
are  retreaded  with  groove  depths  up  to  0.47  in.  For  the  sake  of 
study,  we  assuae  wear  to  0.34  in  200  landings. 


NUMBER  OF  LANDINGS 


Conclusion  Is  to  assuae  *large*  tire  has  0.53  radial  growth 
Dlnus  0.08  wear  and  "small*  tire  has  0.25  radial  growth  alnus 
0.34  wear. 

o  Airplane  Weight.  The  gross  weight  and  center  of  gravity  (o.g.) 
for  a  typical  heavy  weight  for  our  exaaple  airplane  alght  be 

Gross  weight  r  429,675  lbs. 

Center  of  gravity  s  21.55  MAC 
Load  per  axle  b  97,920  lbs. 

At  low  gross  weights  the  radius  differentials  will  be  saaller, 
so  low  weights  are  less  critical  with  respect  to  "false” 
warnings. 

o  Tire  pressures  Tor  different  oases. 

(a)  "Normal"  oases 

-  for  "nominal”  and  "large*  tires,  tire  pressure  Is  at 
180  psl  unloaded  (186  psl  loaded). 

for  "small”  tires,  tire  pressure  Is  at  165  psl  unloaded 
(175  psl  loaded). 

That  Is,  we  will  accept  a  warning  light  if  the  "small*  tire 
Is  down  to  165  psl. 
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(b)  *  Abnormal*  oases 


•  for  "small"  tires,  tire  pressure  Is  at  170  psl  unloaded 
(181  pal  loaded). 

-  for  "large"  tires,  tire  pressure  Is  at  120  psl  unloaded 
(125  psl  loaded). 

That  Is,  we  want  a  warning  light  If  the  "large"  tire  Is 
down  to  120  psl,  but  may  have  to  look  at  90  psl  for  large 
mating  tire  with  tire  pressure  of  180  psl  unloaded  (186  psl 
loaded). 

o  Tire  positions  versus  tire  pressure  cases. 

(a)  Nominal  case  -  "Ncnlnal”  tires  In  all  positions  are  at  180 
pal.  This  case  Is  probably  not  Interesting. 

(b)  Normal  case  -  Position  "small"  tire  on  #1  at  165  psl, 
"small"  tire  on  #2  at  170  psl,  "large"  tires  on  #5  and  #6 
at  180  psl. 

(c)  Abnormal  case  -  Position  "large"  tire  on  #1  at  120  psl, 
"large"  tire  on  #2  at  180  psl,  "small"  tires  on  #5  and  #6 
at  170  psl. 

The  comparison  on  Table  B-1  shows  that  the  effects  of  variations  In  tire 
dimensions  and  load-deflection  characteristics  are  such  that  the  rolling  radius 
of  a  dangerously  underinflated  tire  can  be  larger  than  the  rolling  radius  of  a 
normally  Inflated  tire  on  another  axle.  It  appears  that  this  problem  could 
only  be  avoided  by  persuading  the  airline  operators  to  refrain  from  installing 
mismatched  tires.  This  suggestion,  however.  Is  difficult  to  Implement. 

The  conditions  considered  for  this  comparison  are  adverse,  but  do  not  include 
the  most  extreme  conditions  that  might  occur.  The  extreme  range  of 
manufacturing  tolerances  Is  Included,  and  the  tires  chosen  probably  represent 
the  extreme  range  that  could  be  expected  in  load-deflection  characteristics. 
The  study  does  not  include  any  variables  that  might  arise  from  matching  new 
tires  with  retreaded  tires.  The  study  assumes  that  tire  growth  will  fall 
between  1/3  and  2/3  of  the  allowance  recommended  by  the  Tire  and  Rim 
Association.  The  variation  In  rolling  radius  due  to  tread  wear  could  easily 
exceed  the  value  used  here,  especially  for  retreads,  which  frequently  have 
thicker  treads  than  new  tires. 

It  Is  concluded  from  this  study  that  the  effects  on  tire  static  and  rolling 
radius  due  to  manufaotumg  and  other  tolerances  are  significant  enough  that 
they  must  be  considered  In  any  system  design  that  monitors  the  effect  of  tire 
pressures  indirectly.  Ideally  development  testing  of  such  systems  (weight  and 
balance,  axle  tilt,  wheel  speed)  would  include  tests  with  worst  case  tire  slses 
to  verify  or  refute  the  problems  anticipated  by  this  analysis.  This  was  not 
done  during  the  flight  test  program  described  herein  but  may  be  done  as  part  of 
further  testing  planned  by  Douglas  and  interested  airlines. 
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